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The t h e s i s concerns the research i n t o the development and a p p l i c a t i o n 
of e m p i r i c a l g u i d e l i n e s regarding the c a p a b i l i t y of s i t e i n v e s t i g a t i o n t o 
de f i n e u n c e r t a i n t y i n ground c o n d i t i o n s and hence t o minimise c o n t r a c t 
cost. The data has been abstracted from the documents o f c o n t r a c t s on 
the Northumbrian Water A u t h o r i t y ' s Tyneside Sewerage Scheme and,to allow 
cost comparisons t o be made, a system o f i n d e x - l i n k i n g costs has been 
used, which removes t h e i r time-dependency. 
A s i m p l i f i e d t h e o r e t i c a l approach, ba:3ed on p r o b a b i l i t y theory and 
d e c i s i o n a n a l y s i s , has been included t o model the s i t u a t i o n of d e c i s i o n 
under u n c e r t a i n t y and comparisons are subsequently made between t h i s 
approach and the e m p i r i c a l r e s u l t s . Conclusions are reached regarding the 
p o s s i b l e r e d u c t i o n i n r i s k , f i n a n c i a l u n c e r t a i n t y , w i t h i n c r e a s i n g s i t e 
i n v e s t i g a t i o n . 
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SYMBOLS :, I ' ; 
a ~ a c t i o n 
a - a c t i o n under no i n v e s t i g a t i o n o 
a - a c t i o n which maximises the value 
® of te r m i n a l u t i l i t y 
a' - a c t i o n which maximises the 
d e c i s i o n under p r i o r knowledge 
c - cost of sampling s 
E -'. . Expected value 
e - i n v e s t i g a t i o n s ( t y p e ) 
e - no i n v e s t i g a t i o n s o 
f ( 9 ) - known f u n c t i o n of -3 
H(9) - c o r r e l a t e d random f i e l d 
h ( 6 ) - unknown property 
K - u n i t cost of e r r o r 
k - u n i t cost of ov e r e s t i m a t i o n o 
k - u n i t cost of underestimation u 
k - u n i t cost of i n v e s t i g a t i o n s 
k - u n i t t e r m i n a l loss constant t 
L - Universal Loss f u n c t i o n x 
1 - Terminal loss f u n c t i o n t 
in - mean of a d d i t i o n a l t e s t s 
m' - mean of o r i g i n a l t e s t s 
m" - r e s u l t a n t mean 
m(Q ) - mean value of 9 
number of t e s t s 
p r i o r number of t e s t s 
p o s t e r i o r number of t e s t s 
optimum number of t e s t s 
P r o b a b i l i t y d i s t r i b u t i o n of 0 
P r i o r p r o b a b i l i t y d i s t r i b u t i o n of 9 
l i k e l i h o o d of p r o b a b i l i t y d i s t r i b u t i o n of 0 
P o s t e r i o r p r o b a b i l i t y d i s t r i b u t i o n of e 
Regression c o e f f i c i e n t s 
sample variance 
Universal u t i l i t y f u n c t i o n 
Universal u t i l i t y w i t h o u t a c t i o n 
t e r m i n a l u t i l i t y 
u t i l i t y of sampling 
Universal u t i l i t y w i t h respect to included i t e m ( s ) 
C o n d i t i o n a l value of included items 
c o n d i t i o n a l value of t e r m i n a l u t i l i t y 
i n v e s t i g a t i o n r e s u l t s 
r e s u l t s of p r i o r i n v e s t i g a t i o n s 
auto c o r r e l a t i o n f u n c t i o n 
V a r i a b l e d e f i n i n g ground c o n d i t i o n s 
A s s o c i a t i o n of v a r i a b l e s r e l a t i n g t o ground c o n d i t i o n s 
Estimate of v a r i a b l e based on no i n f o r m a t i o n 
Variable at value where choice of a c t i o n immaterial 
Population standard d e v i a t i o n 
p o p u l a t i o n variance 
populat ion mean 
independent r e s i d u a l s random f i e l d 






Many advances have been made i n the t u n n e l l i n g i n d u s t r y i n the 
t e c h n i c a l areas of c o n s t r u c t i n g more e f f i c i e n t machinery and support 
methods. However,these improvements have not brought w i t h them a 
commensurate improvement i n the p r e d i c t i o n of costs and i t i s s t i l l 
common p r a c t i c e to design f o r a \vorst-case' r a t h e r than an optimum 
design. Why i s i t t h a t the p r e v a i l i n g a t t i t u d e i s t h a t t u n n e l l i n g 
i s an ' a r t ' r a t h e r than a science, sometimes w i t h a great e r f a i t h 
i n i n t u i t i o n than i n information? 
The main o b s t r u c t i o n t o a"change i n a t t i t u d e i s the r e l a t i v e l y 
l a r g e area of uncerta i n t y , i n f i n a n c i a l terms,'risk', t h a t i s inherent 
i n t u n n e l c o n t r a c t s . The major element of u n c e r t a i n t y i s the 
v a r i a b i l i t y of ground c o n d i t i o n s , even though i n f o r m a t i o n about i t 
i s provided by s i t e i n v e s t i g a t i o n s . The need f o r improvement i n 
s i t e i n v e s t i g a t i o n i s appreciated by a l l sides of the c i v i l engineering 
i n d u s t r y , as demonstrated by a recent seminar i n London (QUARRELL,1979). 
To see how and where s i t e i n v e s t i g a t i o n could be improved, a basic 
understanding i s req u i r e d of how i t a f f e c t s c o n t r a c t cost. The 
prod u c t i o n of data f o r developing e m p i r i c a l r e l a t i o n s i s one of the 
prime aims of t h i s research. 
The o r i g i n a l approach of t h i s research i n t o the cost e f f e c t i v e n e s s 
of s i t e i n v e s t i g a t i o n i n tunnels was t h e o r e t i c a l , using p r o b a b i l i s t i c 
theory, e s p e c i a l l y Dayesian i n f e r e n c e , to set up a framework whereby 
i n f o r m a t i o n can be updated, thus modelling the cumulative e f f e c t of 
s i t e i n v e s t i g a t i o n . A d e t a i l e d study can be found i n (ATTEWELL, 
CRIPPS and WOODMAN, 1978), but a s t r a i g h t f o r w a r d v e r s i o n has been 
i n c l u d e d i n the f o l l o w i n g chapter. I n a d e s i r e f o r b r e v i t y , several 
s i m p l i f y i n g assumptions have been taken. The reasoning behind these 
assumptions, as w e l l as t h e i r v a l i d i t y , has also been i n c l u d e d , w i t h 
an extension of the d i s c u s s i o n i n a l a t e r chapter. 
With the t h e o r e t i c a l framework developed, the research could t u r n 
t o the problem of a b s t r a c t i n g and i s o l a t i n g cost data p r i o r t o the 
development of e m p i r i c a l r e l a t i o n s between s i t e i n v e s t i g a t i o n and 
c o n t r a c t cost e s c a l a t i o n . A l l the i n f o r m a t i o n used i n t h i s r e p o r t has 
been abstracted from the records of several c o n t r a c t s on the Northumbrian 
Water A u t h o r i t y ' s Tyneside Sewerage Scheme, which includes 75 km of 
i n t e r c e p t o r sewer and i n v o l v e s a t o t a l cost of the order of £100,000,000. 
Further i n f o r m a t i o n i s provided by NORGROVE and STAPLES (1976). 
As no standardised form of absti-acting i n f o r m a t i o n e x i s t e d , the 
e a r l y s t u d i e s wore c a r r i e d out w i t h s p e c i a l thoroughness so t h a t any 
approximations made i n the an a l y s i s o f l a t e r s t u d i e s (and i n the i n t e r e s t 
of speed) could a c t u a l l y be q u a n t i f i e d by e x t r a p o l a t i o n from e r r o r bands 
based on the e a r l y s t u d i e s . 
With the pr o d u c t i o n of e m p i r i c a l cost data, the t w i n l i n e s of 
research could be brought together f o r comparison. I t was apparent 
t h a t although a s i n g l e , important r i s k f a c t o r , s i t e i n v e s t i g a t i o n , h a d 
been selected and i s o l a t e d , the a f f e c t s of a l l r i s k f a c t o r s needed t o 
be considered, i f only s u b j e c t i v e l y , f o r an o v e r a l l view. 
The i n t r o d u c t i o n of these a d d i t i o n a l f a c t o r s b r i n g a concomitant 
requirement, f o r a c o n t r a c t u a l model. The c o n t r a c t u a l set-up has been 
w e l l documented, and thus only a b r i e f summary o f the s a l i e n t p o i n t s 
has been included i n the t h e s i s . The c r e a t i o n o f a c o n t r a c t u a l model 
generates a number of problems which, although f i n a n c i a l l y motivated, 
arc rooted i n the philosophy of the in p u t of both the Contractor and 
3. 
C l i e n t and a f f e c t the u l t i m a t e outcome. Such problem d e t a i l must be 
considered outside the boundary of the present research. However, t o 
i l l u s t r a t e the c o n t r a c t o r ' s e s t i m a t i o n o f r i s k at t e n d e r i n g and t o 
compare i t w i t h the c o n t r a c t cost e s c a l a t i o n , an e m p i r i c a l e s t i m a t i o n 
has been in t r o d u c e d . The problems of r i s k a n a l y s i s i n c o n s t r u c t i o n 
work are complex and, as w i t h any s t a t i s t i c a l data, the l a r g e r the 
sample, the more accurate w i l l be any in f e r e n c e s . The research upon 
which t h i s t h e s i s i s based hopes to show t h a t q u a n t i t i v e statements 
can be made about the cost e f f e c t i v e n e s s of s i t e i n v e s t i g a t i o n , provided 
t h a t s u f f i c i e n t cost data r e l a t e d t o comparable engineering ( c o n t r a c t u a l ) 






The theory behind the problem of o p t i m i s i n g s i t e (sample) 
i n f o r m a t i o n i n the p r e v a i l i n g c o n d i t i o n s of u n c e r t a i n t y can broadly 
be s p l i t i n t o four phases. 
The f i r s t phase c o n s i s t s of d e f i n i n g the problems, the l i m i t s 
o f the i n v e s t i g a t i o n , and the a l t e r n a t i v e courses o f a c t i o n w i t h 
t h e i r r e l a t i v e outcomes. These outcomes w i l l depend j o i n t l y on the 
decisions taken and the u n c e r t a i n t y of the v a r i a b l e s . Also included 
w i t h i n t h i s phase i s the comparison of the d i f f e r e n t outcomes, which 
i s u s u a l l y derived on a cost/time basis. The a l t e r n a t i v e courses of 
a c t i o n are design decisions based on previous engineering experience, 
which allows reasonable cost estimates. However, the u n c e r t a i n t y i n 
the ground v a r i a b l e s , such as s o i l behaviour, r e q u i r e s some assumptions 
to be made. 
S o i l s have a heterogeneous character, which a r i s e s from the 
random nature of the n a t u r a l processes involved i n t h e i r d e p o s i t i o n . 
C e r t a i n of these processes of formation have been s t o c h a s t i c a l l y 
modelled (ALONSO and KRIZEK, 1975); f o r example,sea waves i n f l u e n c i n g 
the formation of beaches,and h y d r o l o g i c a l v a r i a b l e s . 
The s t r e n g t h of p r o b a b i l i s t i c models i s not t h a t they provide 
a f i r m optimum s t r a t e g y , but t h a t they give a range of pos s i b l e 
answers w i t h associated p r o b a b i l i t y l e v e l s . These m u l t i p l e s o l u t i o n s can 
allo w the Engineer to use h i s c r i t i c a l judgement t o reach an optimum 
d e c i s i o n . 
Previously two types of model have had widespread use to r e f l e c t un-
c e r t a i n t y i n s o i l behaviour; 1) regression equations w i t h independent 
r e s i d u a l s (BAEC1IER, 1972) ; 2) a c o r r e l a t e d random f i e l d ( VENEZIANO 
and EACCIOLI.,1 975) . The regression equation i s u s u a l l y presented i n 
the form, .. -
v.'here h(6) i s the unknown pro p e r t y , 
f ( t ^ ) i s a known f u n c t i o n 
R^  are regression c o e f f i c i e n t s estimated from a v a i l a b l e data , 
and 1 S a n independent r e s i d u a l random f i e l d measuring the 
l o c a l d i s p e r s i o n about an expected value. This r e s i d u a l e r r o r i s 
assumed to be unco r r e l a t e d w i t h any oth e r r e s i d u a l e r r o r at a d i f f e r e n t 
l o c a t i o n . 
The second a l t e r n a t i v e of the c o r r e l a t e d random f i e l d H( 0) leads 
to a f i r s t order a n a l y s i s , which has the advantage o f being d i s t r i b u t i o n -
f r e e and u t i l i s e s only the f i r s t two moments (mean and variance) and 
c o r r e l a t i o n c o e f f i c i e n t s of the random v a r i a b l e s as measures of u n c e r t a i n t y 
and j o i n t behaviour. The covariance gives an i n d i c a t i o n o f the s p a t i a l 
distances w i t h i n which some degree of c o r r e l a t i o n might be expected. 
(The usual distances between p o i n t s of s o i l reconnaisance are l a r g e r 
than the distances i n d i c a t e d by the covariance. ) 
Two advantages e x i s t f o r c o n s i d e r i n g the s o i l u n c e r t a i n t y using 
t h i s second method. The f i r s t i s t h a t the s p a t i a l c o r r e l a t i o n 
f u n c t i o n i s continuous at zero, a pro p e r t y not shared by regre s s i o n 
models w i t h independent r e s i d u a l s . Second, a complete knowledge 
a p r i o r i (before sample) or a p o s t e r i o r i , ( a f t e r sampling) i s an 
unnecessary assumption w i t h a s u f f i c i e n t d e s c r i p t i o n being given by 
the f i r s t two moments. S u f f i c i e n c y i s defined as c o n t a i n i n g a l l of 
the i n f o r m a t i o n w i t h i n the data to describe the f i e l d . 
I t i s now d e s i r a b l e t o make the assumption t h a t the s o i l under 
c o n s i d e r a t i o n behaves homogeneously,•even though heterogeneity 
i s the expected c o n d i t i o n , as the r e p r e s e n t a t i o n o f a non-homogeneou 
f i e l d i s beyond the scope of everyday use of the Engineer. This 
assumption i s , however, i n l i n e w i t h common s i t e i n v e s t i g a t i o n 
p r a c t i c e ; f o r example, i n the an a l y s i s of borehole data, the major 
p a r t of a v a i l a b l e S.I. i n f o r m a t i o n , boundaries are defined 
around regions of s i m i l a r c o n d i t i o n s , w i t h s i n g l e f i g u r e s , ascertained 
from f i e l d and l a b o r a t o r y t e s t s , being ascribed to s o i l p r o p e r t i e s . 
I f the region i s not homogeneous, then references are made t o items, 
such as i n c l u s i o n s or lenses, and s u b j e c t i v e assessments are made 
regarding t h e i r behaviour and the e f f e c t of t h e i r nresence on the 
regi o n as a whole, From a mathematical viewpoint, a f i e l d i s 
homogen eous i f i t lias a constant mean and an a u t o c o r r e l a t i o n f u n c t i o n 
dependent s o l e l y on the s p a t i a l argument, t h a t i s 
Thus f a r , the f i e l d has been considered as a random v a r i a b l e . 
However, d e c i s i o n parameters are not u s u a l l y a f f e c t e d by a s i n g l e 
v a r i a b l e , but by a ser i e s of independent v a r i a b l e s forming a f u n c t i o n . 
A l l these v a r i a b l e s (9.) may be associated i n t o a common set $9.^ or 
9 i f v e c t o r i a l n o t a t i o n i s used. 
I n order to proceed, i t i s necessary t o assign a form to the 
continuous random v a r i a b l e ( 9 ) , which i s used to def i n e ground 
c o n d i t i o n s i n a sampling s i t u a t i o n . 
Although sampling i n s i t e i n v e s t i g a t i o n provides a s e r i e s of 
d i s c r e t e r e s u l t s , i t i s more convenient to consider i t as a 'quasi 
continuous' method and hence to assume t h a t the random f u n c t i o n i s 
(8) = M c o n s m 
i 
continuous. Since i n f o r m a t i o n w i l l bo r e q u i r e d concerning the 
p o s t e r i o r p r o b a b i l i t y d e n s i t y , the form of the p r i o r p r o b a b i l i t y 
d e n s i t y should be such t h a t i t minimises the computational problems. 
One such form i s to assume t h a t ground c o n d i t i o n s can be 
represented by a normal d i s t r i b u t i o n : 
or 
where ja and are the p o p u l a t i o n mean and v a r i a n c e , r e s p e c t i v e l y . 
This assumption leads d i r e c t l y on to the p r o b a b i l i s t i c phase, 
where the Engineer r e q u i r e s a method o f r e v i s i n g h i s c u r r e n t d e c i s i o n 
based on i n f o r m a t i o n provided by a d d i t i o n a l sample i n f o r m a t i o n . A 
ready-made tool,Bayesian I n f e r e n c e , i s a v a i l a b l e , which allows the 
combining of sample i n f o r m a t i o n w i t h other i n f o r m a t i o n f o r subsequent 
inference. This method has been used i n business studies f o r some 
time and f i t s n e a t l y i n t o the Engineer's d e s i r e t o express, i n 
o b j e c t i v e terms, a degree of b e l i e f . 
I n a ver b a l form, Bayes'Theorem s t a t e s : 
T, ( P r i o r p r o b a b i l i t y ) ( L i k e l i h o o d ) 
P o s t e r i o r p r o b a b i l i t y = ?= c ^ -
\ ( P r i o r p r o b a b i l i t y ) (Likelihood." 
where P r i o r p r o b a b i l i t y P'(9) i s the p r o b a b i l i t y t h a t a s t a t e 
o f the world (6) e x i s t s 3 
and L i k e l i h o o d P(x|0) i s the p r o b a b i l i t y t h a t p a r t i c u l a r r e s u l t s 
( x ) would be obtained from experiments ( e j given the t r u e 
s t a t e of c o n d i t i o n s was (0) 
and ( P r i o r p r o b a b i l i t y ) ( L i k c l i h o o d ) i s a norma l i s i n g f a c t o r 
Therefore, using prime and double prime to s i g n i f y p r i o r and 
p o s t e r i or p r o b a b i l i t i e s , r e s p e c t i v e l y , Baj'es' Theorem can be 
r e - w r i t t e n i n n o t a t i o n a l form as, 
P"(o|x) - P'(e) P(xjeV 
R e t u r n i n g m o m e n t a r i l y t o t h e use o f a normal d i s t r i b u t i o n t o 
s p e c i f y ground condi t i o n s , t h e r e a r e s e v e r a l advantages t o t h e 
a pproach. I t has m a t h e m a t i c a l t r a c t a b i l i t y ; t h a t i s , i t i s 
r e l a t i v e l y easy t o s p e c i f y t h e p o s t e r i o r d i s t r i b u t i o n , and t h e 
l i k e l i h o o d f u n c t i o n i s a l s o u n i q u e l y s p e c i f i e d . The p o s t e r i o r 
d i s t r i b u t i o n i s a l s o a member o f t h e same c o n j u g a t e f a m i l y , t h a t i s normal 
d i s t r i b u t i o n , as t h e p r i o r d i s t r i b u t i o n , so t h a t s u c c e s s i v e 
a p p l i c a t i o n s o f Bayes' Theorem ar e n o t d i f f i c u l t . I t i s , t h e r e f o r e , 
f e a s i b l e t o c a l c u l a t e e x p e c t a t i o n f r o m t h e p r i o r d i s t r i b u t i o n . 
So f a r , n o t h i n g has been d i c t a t e d about t h e p r i o r d i s t r i b u t i o n . 
I f a l a r g e amount o f sample i n f o r m a t i o n i s t o be c o l l a t e d t h e n t h e 
p o s t e r i o r d i s t r i b u t i o n w i l l be w e i g h t e d h e a v i l y t o w a r d s i t and w i l l 
be r e l a t i v e l y i n s e n s i t i v e t o t h e p r i o r d i s t r i b u t i o n . I n t h i s case 
t h e p r i o r d i s t r i b u t i o n can be s a i d t o r e p r e s e n t an ' i n f o r m a t i o n l e s s ' 
s t a t e . As t h e amount o f sample i n f o r m a t i o n d e c r e a s e s , t h e c h o i c e 
o f p r i o r d i s t r i b u t i o n p l a y s an e v e r - i n c r e a s i n g r o l e . However, i t 
i s l i k e l y t h a t any p r i o r d i s t r i b u t i o n w i l l be based on a v a i l a b l e -
d a t a w h e t h e r t h e y c o m p r i s e s u b j e c t i v e o l d r e c o r d s o r o b j e c t i v e 
p r e l i m i n a r y t e s t s . I n o r d e r t o i n d i c a t e t h i s r e l i a n c e i t i s 
n e cessary t o r e - d e f i n e t h e p a r a m e t e r s o f t h e normal d i s t r i b u t i o n 
P/e) ex J2ntr 
Assuming t h a t n' t e s t s have a l r e a d y been c a r r i e d o u t w i t h 
r e s u l t s ( x ' ) and a sample v a r i a n c e o f S , t h e n t h e p o p u l a t i o n 
, 2 
v a r i a n c e ( c ) would be, 
and mean ( m ' ) S 
n 
o r t h e p r i o r p r o b a b i l i t y o f ( 0 ) f e x p r e s s e d as P ' ( e i x ' ) , shows t h e 
c o n d i t i o n a l n a t u r e o f i t s d e n s i t y f u n c t i o n t h r o u g h t h e i d e n t i t y , 
9. 
f > ' ( 0 l * ' ) == ll e-Xf 
2 S X 
The l i k e l i h o o d o f a d i s t r i b u t i o n o f a f u r t h e r ( n ) t e s t s , g i v e n 
r e s u l t s ( x ) i s , 
/ ft 
where in i s t h e mean o f ( n ) t e s t s . 
The p o s t e r i o r d i s t r i b u t i o n P"( 6|x',x> i s p r o p o r t i o n a l t o P'(0,|x|) 








n" = n + n', o r t h e sum o f t h e r e s u l t s , 
m" = n'm'+ n m , o r t h e p o s t e r i o r mean, 
n" 
The p o s t e r i o r d i s t r i b u t i o n ( p r o b a b i l i t y ) i s , 
P a(Ax") a r JL4JL 
2 S " 
T h i s a n a l y s i s i n d i c a t e s t h a t i t i s p o s s i b l e f o r t h e E n g i n e e r t o 
make some p r o b a b i l i s t i c s t a t e m e n t s about t h e r e s u l t s o f any a d d i t i o n a l 
t e s t i n g . E v e n t u a l l y , he must make t e r m i n a l d e c i s i o n s based on h i s 
c u r r e n t s t a t e o f i n f o r m a t i o n . However, i n i t i a l l y he must d e c i d e 
w h e t h e r the a d d i t i o n a l s a m p l e / i n v e s t i g a t i o n i s e x p e c t e d t o be 
u s e f u l enough t o j u s t i f y i t s c o s t . I n o r d e r t o t a k e t h i s d e c i s i o n 
he must have e s t i m a t e d a u t i l i t y o r l o s s f u n c t i o n f o r any p o s s i b l e 
outcome. 
The u n i v e r s a l u t i l i t y (U) o f an a c t i o n s h o u l d be dependent 
on the i n v e s t i g a t i o n ( e ) , t h e r e s u l t s o f the i n v e s t i g a t i o n ( x ) , 
t h e r e s u l t s o f the a c t i o n ( a ) and t h e s t a t e o f the w o r l d ( 9 ) . 
be shown l a t e r t h a t t h e r e i s a d i r e c t r e l a t i o n between u t i l i t y and 
l o s s f u n c t i o n s , i t i s u s u a l , when o p t i m i s i n g sample s i z e , t o d e a l 
w i t h t h e l o s s f u n c t i o n , o f w h i c h t h r e e main forms a r e f a v o u r e d . 
The s i m p l e s t i s t h e l i n e a r l o s s f u n c t i o n w h i c h i s l i n e a r between 
t h e r e s u l t o f a c t i o n ( a ) and t h e s t a t e o f t h e w o r l d ( 9 ) . T h a t i s , 
i f a <=6 t h e n t h e l o s s i s k ( 0 - a ) where k i s t h e u n i t c o s t o f 
u u 
u n d e r e s t i m a t i o n , w h i l e i f a^Q t h e n t h e l o s s i s k (a - 9) where 
k i s t h e u n i t c o s t o f o v e r e s t i m a t i o n . These c o n s t a n t s ( k ) and o u 
( k Q ) can be a d j u s t e d t o show t h e r e l a t i v e i m p o r t a n c e o f under-
e s t i m a t i n g o r o v e r e s t i m a t i n g a d e c i s i o n . 
An a l t e r n a t i v e i s t o assume t h a t t h e c o s t s o f u n d e r e s t i m a t i o n 
and o v e r e s t i m a t i o n a r e e q u a l ( k = k = K) and t h a t t h e l o s s i s 
u o 
p r o p o r t i o n a l t o t h e square o f t h e e r r o r , t h a t i s p r o p o r t i o n a l t o 
( a - 9 ) . The r e s u l t a n t l o s s f u n c t i o n i s c a l l e d a q u a d r a t i c l o s s 
f u n c t i o n where t h e optimum a c t i o n i s t h e e x p e c t e d v a l u e o f ( 9 ) , t h a t 
i s , i t s mean. U s i n g t h e mean as a c e r t a i n t y - e q u i v a l e n t o b v i a t e s 
t h e need f o r a complete d e t e r m i n a t i o n o f t h e p r i o r d i s t r i b u t i o n . 
A t h i r d fo-rm o f l o s s f u n c t i o n i s t o assume t h a t t h e l o s s i s 
p r o p o r t i o n a l t o t h e e x p o n e n t i a l o f t h e e r r o r , t h a t i s , p r o p o r t i o n a l t o 
exp £o - aj w h i c h would i m p l y t h a t o n l y a s m a l l s a v i n g would accrue 
f r o m o v e r e s t i m a t i n g , whereas t h e r e would be a l a r g e p o t e n t i a l l o s s 
f r o m u n d e r e s t i m a t i n g . 
The e x p e c t e d u t i l i t y o f any a c t i o n ( a ) g i v e n i n f o r m a t i o n ( x ) 
f r o m e x p e r i m e n t o r i n v e s t i g a t i o n ( e ) depends on how a c c u r a t e l y t h e 
I f s e t n o t a t i o n i s used, t h e n U U }e , x , a , 0 A l t h o u g h i t w i l l 
o 
11 
c o n d i t i o n s have been p r e d i c t e d , 
where E i s d e f i n e d as t h e e x p e c t e d v a l u e E"g|^.u = U P"(0|X) c l t ) , 
t h a t i s , t h e e x p e c t e d v a l u e o f U(e,x,a) i s dependent on t h e p o s t e r i o r 
p r o b a b i l i t y P"( 01 -V) . 
S i n c e t h e d e c i s i o n - m a k e r has t h e c h o i c e ox m a x i m i s i n g h i s 
e x p e c t e d u t i l i t y , g i v e n e x p e r i m e n t ( e ) and outcome ( x ) , t h e e x p e c t e d 
u t i l i t y o f t h i s i n f o r m a t i o n E U(e,x) i s e q u i v a l e n t t o t h e e x p e c t e d 
u t i l i t y o f any a c t i o n ( a ) maximised f o r t h e a c t i o n ( a ) , 
However, t h e e x p e c t e d v a l u e o f t h e e x p e r i m e n t s must be e q u i v a l e n t 
t o t he p r o b a b i l i t y o f t h e outcomes ( x ) g i v e n e x p e r i m e n t s ( e ) 
m u l t i p l i e d by t h e e x p e c t e d u t i l i t y o f t h e outcomes: 
E E 
EL yna.x n 
X I £ * 
xie- "oix D(efx,a., 9) 
The o b j e c t i v e i s t h u s t o maximise t h e e x p e c t e d u t i l i t y o f t h e 
e x p e r i m e n t . T h i s r e a s o n i n g can e q u a l l y w e l l be exp r e s s e d as a 
branch o f a d e c i s i o n t r e e ; 
Move No:.- 1 2 3 4 
Move By:' 
Clio i c e 
Dependency 
IJe c i s i o n 
Make i ' 





U (e , x, a 
12. 
I f t h e u t i l i t y U(e,x,a,6) can be e x p r e s s e d i n monetary t e r m s , 
t h e n i t can be r e p r e s e n t e d as t h e sum o f two p a r t s ; 1) t h e u t i l i t y 
r e l a t e d t o t h e c o s t o f p e r f o r m i n g t h e e x p e r i m e n t ; u ( e , x ) , and 
2) t h e u t i l i t y r e l a t e d t o c o s t o f u n d e r t a k i n g t h e a c t i o n ( a ) g i v e n t h e 
t r u e s t a t e o f t h e w o r l d ( 9 ) , w h i c h i s known as t h e t e r m i n a l u t i l i t y : 
u t ( a , 9 ) . 
T h e r e f o r e , U = u ( a , 9 ) + u ( e , x ) . 
t s 
T h i s s i m p l i f i c a t i o n i g n o r e s non-monetary consequences, such as 
d i s t u r b a n c e . 
I t f o l l o w s t h e n t h a t t h e e x p e c t e d u t i l i t y o f an e x p e r i m e n t 
E U(e) can be r e p r e s e n t e d as t h e sum o f p a r t u t i l i t i e s ; 
us(e,x) + ut(a 
S i n c e , by d e f i n i t i o n , u ( e , x ) i s i n d e p e n d e n t o f ( a ) and ( 0 ) , 
t h i s e q u a t i o n can be r e w r i t t e n as, 
w h i c h c o u l d a l s o be w r i t t e n as, 
£ U(e) s £ ti s(e) + E u t(e) 
where U s ( * ) 5 E ^ . (© , X ) , 
U f c(e) - £ x S e . w o c f t t ; ' u . . U t ( c x y 9 ) 
E s t i m a t i o n o f t h e e x p e c t e d s a m p l i n g u t i l i t y , E u ( e ) , i s f a i r l y 
s i m p l e , s i n c e u ( e , x ) i s u s u a l l y e i t h e r i n d e p e n d e n t o f t h e r e s u l t s ( x ) 
o r s i m p l y - r e l a t e d t o them. 
C o m p u t a t i o n o f t h e e x p e c t e d t e r m i n a l , u t i l i t y , E u ( e ) i s a l s o 
f a c i l i t a t e d i f i t i s a f u n c t i o n s o l e l y o f t h e a c t i o n ( a ) and the 
s t a t e o f t h e w o r l d ( 9 ) , because, f o r a g i v e n ( e , x ) , i t w i l l depend 
on ( e , x ) o n l y t h r o u g h t h e measure P'VGiv; ) and not. t h r o u g h t h e u t i l i t y 
f u n c t i o n i t s e l f . 
B e f o r e showing how t h i s s i m p l i f i c a t i o n can be used w i t h 
r e f e r e n c e t o s p e c i f i c u t i l i t y f u n c t i o n s , t h e c o n c e p t o f l o s s 
f u n c t i o n and v a l u e o f i n f o r m a t i o n w i l l be d i s c u s s e d . 
I f i t i s assumed t h a t the s t a t e o f the w o r l d ( 0 ) were known 
o 
and t h e t e r m i n a l a c t i o n ( a ) c o u l d be chosen, t h e n the u t i l i t y may 
be d e f i n e d i n t h e s e c o n d i t i o n s as (U ) . C o n s i d e r , t h e n , t h a t t h e r e 
o 
i s t h e c h o i c e o f e x p e r i m e n t ( e ) w i t h r e s u l t s ( x ) and subsequent 
c h o i c e o f a c t i o n ( a ) . The d e f i n i t i o n o f t h e l o s s o f o p p o r t u n i t y , 
o r l o s s f u n c t i o n (L ) , i s g i v e n by 
x 
L - U - U 
where U ^ U f o r a l l a o x 
I f t h e s a m p l i n g and t e r m i n a l u t i l i t i e s a r e a d d i t i v e , t h e n t h e l o s s 
f u n c t i o n can be s i m i l a r l y s p l i t . 
D e f i n i n g t h e c o s t o f s a m p l i n g ( c ) = -u t h e n , l j = u + u„. - u, - c 
s s X t & t £ 
The c o s t o f no s a m p l i n g i s £ 
T h e r e f o r e , I I 
t 
6 0 = 
D e f i n e t h e t e r m i n a l l o s s f u n c t i o n l^_(a,9) as 
T h e r e f o r e , ] _ ^ = i(o. , $) + C f i ( e , \ ) . 
I n w r i t t e n f o r m , t h i s r e s u l t means t h a t t h e l o s s f u n c t i o n i s t h e sum 
o f 1) t h e c o s t o f i n v e s t i g a t i n g r a t h e r than c h o o s i n g a t e r m i n a l d e c i s i o n , 
2) the c o s t o f t h e o p p o r t u n i t y o f making t h e wrong d e c i s i o n a f t e r 
t h e i n v e s t i g a t i o n has been c o n d u c t e d . 
S i n c e t h e l o s s f u n c t i o n can be e x p r e s s e d as t h e sum o f t h e t e r m i n a l 
l o s s f u n c t i o n and t h e s a m p l i n g c o s t , so a l s o can t h e e x p e c t e d l o s s 
f u n c t i o n , E M 
14. 
E L. - £ 
P r o v i d e d t h a t i t i s a c c e p t e d t h a t t h e l o s s f u n c t i o n can be 
s e p a r a t e d i n t o two p a r t s , t h e a n a l y s i s o f t h e e x p e c t e d l o s s 
f u n c t i o n s can sometimes f a c i l i t a t e t he c h o o s i n g o f optimum s a m p l i n g . 
I f i t i s t r u e t h a t e x p e r i m e n t s i n ( e ) space can be o r d e r e d , such t h a t 
E u ( e ) and E c (e ) are f u n c t i o n s o f i n c r e a s i n g ( n ) , L t n J I s n J 
t h e n t h e o b j e c t i v e becomes t h e m a x i m i s a t i o n o f 
E 
o r m i n i m i s a t i o n o f + E 
I f t h e optimum v a l u e o f n i s n*, t h e n i n c e r t a i n i n s t a n c e s n* 
w i l l be d e f i n e d by an e q u a t i o n , w h i c h has an e x p l i c i t s o l u t i o n o r 
can be s o l v e d u s i n g i t e r a t i v e p r o c e s s e s . U s u a l l y , however, E 
and E c (e ) have t o be e v a l u a t e d a t d i s c r e t e p o i n t s and p l o t t e d 
(_ s n J 
a g a i n s t ( n ) . 
Assume, t h e n , t h a t E L ( e ,) n t<V>] + E c ( e , ) s n 
has been computed f o r some v a l u e n' o f n. Then t h e i n c r e a s e i n 
e x p e c t e d u t i l i t y f o r n > n' i s 
T h e r e f o r e , s i n c e E 
o r 
must be n o n - n e g a t i v e , 
E [ u < 0 ] - E [ U < 0 ] * E [ ( t ( £ / ; ) ] - % ( c ^ - % ( c ; 
i f t h e r i g h t - h a n d s i d e o f t h i s e q u a l i t y i s n e g a t i v e , t h e n t h e 
l e f t - h a n d s i d e w o u ld a l s o be n e g a t i v e . 
15. 
Thus, ( n ) cannot he o p t i m a l u n l e s s , 
E 
G i v e n the p r i o r s i t u a t i o n o f ( n ' ) w i t h a s s o c i a t e d i n v e s t i g a t i o n 
c o s t and t e r m i n a l l o s s f u n c t i o n , t h e h i g h e s t v a l u e o f ( n ) w h i c h s a t i s f i e s 
t h e e q u a l i t y i s an upper-bound on t h e sample s i z e . 
Assume t h a t u (a , G) 2s u ( a , 6 ) , f o r a l l a where a i s t h e t 8 t 9 
d e c i s i o n t h a t maximises t h e t e r m i n a l u t i l i t y . 
Assume a l s o t h a t E u t ( a ' , 0 ) E [ u t ( a , 0) f o r a l l a, 
where a' maximises t h e d e c i s i o n m e a s u r i n g p r i o r p r o b a b i l i t y . 
Then, i f (e ) i s an e x p e r i m e n t c a p a b l e o f g i v i n g p e r f e c t 
CO 
i n f o r m a t i o n , i t s c o s t w o u l d be c (e ) . 
S CO 
The n e t u t i l i t y w o u l d be, 
CO 
and t h e n e t u t i l i t y o f a c t i o n w i t h o u t i n f o r m a t i o n (U ) would be, 
T h e r e f o r e , ( U m - U ) w i l l be p o s i t i v e i f , 
D e f i n i n g t h e c o n d i t i o n a l v a l u e o f p e r f e c t i n f o r m a t i o n , V ( e ^ , 9 ) , as, 
i t s v a l u e p r i o r t o the a c t i o n would be i t s e x p e c t e d v a l u e o r t h e 
e x p e c t e d v a l u e o f p e r f e c t i n f o r m a t i o n ( E V P I ) : 
EVPI - E ' . f r fe .O)] « £-'rU(aelS)-Ut(a',0) _ 
"J fa» _J 
However t h e e x p e c t e d t e r m i n a l u t i l i t i e s o f a c t i o n w i t h o u t i n f o r m a t i o n 
and w i t h p e r f e c t i n f o r m a t i o n a r e , r e s p e c t i v e l y , 
T h e r e f o r e , EVP/ » f ^ ^ O ] * £ [ V O ] * £ [ " ^ O j **£ [«/0" 
16, 
The v a l u e o f sample i n f o r m a t i o n can be a p p i c a c h e d i n a s i m i l a r 
manner. I f ( a ' ) i s d e f i n e d as t h e optimum a c t i o n under p r i o r 
d i s t r i b u t i o n , t h a t i s , 
E . u (a/ 0) max (:'. u (a 0) 
i f ( a ) i s the optimum a c t i o n under t h e p o s t e r i o r d i s t r i b u t i o n x 
g i v e n r e s u l t s ( x ) from i n v e s t i g a t i o n ( e ) , 
£„, . u ( a 6 ) ~ m a \ £' u ( a . B ) . aix r *> y a six r > 
By c h o o s i n g a c t i o n (a ) , the t e r m i n a l u t i l i t y i s i n c r e a s e d by, 
where V^_(e,x) i s t h e c o n d i t i o n a l v a l u e o f sample i n f o r m a t i o n , w h i c h 
i s c o n d i t i o n a l on ( x ) , o r a f t e r ( x ) has been a s c e r t a i n e d . However 
t h e e x p e c t e d v a l u e o f sample i n f o r m a t i o n (EVSI) can be a s c e r t a i n e d 
f r o m , 
The e x p e c t e d u t i l i t y o f any i n v e s t i g a t i o n i s t h e e x p e c t e d 
u t i l i t y o f an a c t i o n w i t h o u t i n f o r m a t i o n E 
e x p e c t e d v a l u e o f t h a t i n f o r m a t i o n E V.(e ) c x 
Ut<°o>] p l u s the 
o r , £ 
S i m i l a r l y , t h e e x p e c t e d n e t g a i n o f sample i n f o r m a t i o n (ENGS) 
can be d e f i n e d as, 
As s t a t e d p r e v i o u s l y , t h e t e r m i n a l u t i l i t y f u n c t i o n can be 
f o r m u l a t e d i n d i f f e r e n t ways, dependent, i n a c i v i l e n g i n e e r i n g 
c o n t e x t , on t h e E n g i n e e r ' s concept o f t h e problem. Assuming t h a t 
t h e p r i m a r y o b j e c t i v e i s t o maximise t h e e x p e c t e d i n f o r m a t i o n v a l u e , 
t h e r e s u l t s can be shown g r a p h i c a l l y w i t h E | V(e ) p l o t t e d a g a i n s t Jv ^
( n ) , where, 
E v < 0 = £ - £ 
i n t h e s i m p l e case, where two a c t i o n s a r e p o s s i b l e , a, = ( a ^ , a 
t h e t e r m i n a l u t i l i t y i s l i n e a r and t h e c o s t o f s a m p l i n g i s l i n e a r l y 
r e l a t e d t o sample s i z e , t h e n i t i s f e a s i b l e t o assess t h e optimum 
sample s i z e . 
U s i n g t h e p r e v i o u s l y - u t i l i s e d normal d i s t r i b u t i o n , t h e p r i o r 
a 7 p r o b a b i l i t y , P ' ( S | X ) , i s p r o p o r t i o n a l t o & X p ^ ( j L ^ J ' i i L ^ l z L 
t h e l i k e l i h o o d , P ( x | 8 ) , i s p r o p o r t i o n a l t o &<P \~ ( m nA^lH 
and 
The a c t i o n s e t 
and 
(k - | a a 
u
f c( a i ? 0 ) = fej + . ( i = 1-2) 
D e f i n i n g t h e breakdown a c t i o n as <9 A — /4f ' 
w i t h t h e t e r m i n a l l o s s c o n s t a n t 
and 
4 9 £ - -4 
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and 
m i n 
w i t h L (D*) b e i n g t h e s t a n d a r d d e n s i t y f u n c t i o n w h i c h i s computed N 






The u l t i m a t e aim o f t h i s r e s e a r c h i s t o assess whether any 
e m p i r i c a l r e l a t i o n s can be drawn between i n v e s t i g a t i o n r e s u l t s , 
a c t u a l cond'it i o n s e n c o u n t e r e d and the e n g i n e e r i n g c h o i c e s made. 
I f any r e l a t i o n s a r e a p p a r e n t , then i t s h o u l d be f e a s i b l e t o use 
them t o l i n k p r a c t i c e w i t h t h e d e t a i l e d t u n n e l l i n g c o s t models 
produced from p r o b a b i l i s t i c o r s e t t h e o r y . 
The assessment o f any e m p i r i c a l r e l a t i o n s needs t o be f o r m u l a t e d 
from d e t a i l e d c o s t d a t a and i t was the a c q u i s i t i o n o f t h i s d a t a t h a t 
forms t h e b a s i s o f t h e p r e s e n t work. Data a c q u i s i t i o n has co m p r i s e d 
t h e a s s i m i l a t i o n o f t h e f i n a n c i a l d e t a i l s o f c o n t r a c t s l e t by t h e NWA 
as p a r t o f t h e T y n e s i d e Sewerage Scheme, T h i s scheme, w i t h an 
e s t i m a t e d c o s t o f £100 m i l l i o n , c o n s i s t s o f r e p l a c i n g 180 major 
sewers f l o w i n g i n t o t h e R i v e r Tyne w i t h a r a t i o n a l i s e d system o f 
75 km o f i n t e r c e p t o r sewer f l o w i n g on b o t h banks t o a c e n t r a l l y -
s i t u a t e d t r e a t m e n t w o r k s . * See Figui'e 1 f o r l o c a t i o n o f scheme and s e p a r a t e 
c o n t r a c t s 
The c o n t r a c t s were , u s u a l l y , 3 - 5 km i n l e n g t h and t h e i r c o s t s c o u l d 
be s p l i t i n t o two c a t e g o r i e s . The f i r s t c a t e g o r y d e a l t w i t h c o s t s 
a s s o c i a t e d w i t h the c o n s t r u c t i o n work, known as C o n t r a c t Costs, and 
th e second d e a l t w i t h t h e c o s t s a s s o c i a t e d w i t h t h e s i t e i n v e s t i g a t i o n . 
W i t h i n e i t h e r o f t h e s e c a t e g o r i e s c o s t s c o u l d be f u r t h e r s u b d i v i d e d 
i n t o f a i r l y d i s c r e t e h e a d i n g s . For i n s t a n c e , under S i t e I n v e s t i g a t i o n 
Costs t h e main subheadings a r e P r e l i m i n a r y S i t e I n v e s t i g a t i o n , Main 
S i t e I n v e s t i g a t i o n , S i t e I n v e s t i g a t i o n S u p e r v i s o r y Costs and Costs 
W i t h p r e l i m i n a r y t r e a t m e n t o f w e s t - e a s t ( f r o m Gateshead) and e a s t - w e s t 
( f r o m S . S h i e l d s ) f l o w a t Jarrow f o r t r a n s f e r i n system t o Howdon 
t r e a t m e n t works and 'treatment o f s o u t h bank e a s t f l o w a t e i t h e r Duns ton 
o r Derwent Haugh ( n o t y e t d e c i d e d w h i c h ) f o r d i r e c t t r a n s f e r a t 
Scotswood i n t o t h e n o r t h bank i n t e r c e p t o r sewer. 
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o f M a t e r i a l s T e s t i n g and Geo t e c h n i c a l I n v e s t i g a t i o n d u r i n g C o n s t r u c t i o n . 
A l t h o u g h most o f the c o s t s were a c c u r a t e l y known, i n c e r t a i n 
cases c o s t e s t i m a t e s needed t o be d e r i v e d . The u s u a l method has been 
t o t r y t o use two o r t h r e e d i f f e r e n t approaches t o a r r i v e a t a f i g u r e 
and t h e n compare these f i g u r e s t o assess an average c o s t . 
A t the c o m p l e t i o n o f t h e d e t a i l e d s t u d y f o r t h e f o u r t h c o n t r a c t 
t h e method o f d a t a c o l l e c t i o n was r e a p p r a i s e d t o assess whether any 
s h o r t c u t s c o u l d r e a s o n a b l y be a p p l i e d to c i r c u m v e n t t h e time-consuming 
method used p r e v i o u s l y . 
Comparison o f t h e e l e m e n t s t h a t c o n s t i t u t e d t h e c o n t r a c t c o s t 
has i n d i c a t e d t h a t t h e summation o f t h e c e r t i f i c a t e d work and t h e 
s i t e s u p e r v i s i o n c o s t s ( u s u a l l y b o t h more a c c u r a t e l y known) amounted 
t o b e t t e r t h a n 94% o f t h e t o t a l c o s t and on t h e h i g h e r - v a l u e c o n t r a c t s 
t o w i t h i n 2% o f the t o t a l c o s t . I t t h e r e f o r e appeared r e a s o n a b l e t o 
c o n c e n t r a t e on t h e s e two e l e m e n t s , p l u s an a l l o w a n c e o f 2% o f t h e 
t e n d e r p r i c e as d e s i g n c o s t s . I t s h o u l d t h e n be p o s s i b l e t o g i v e t h e 
t o t a l c o n t r a c t c o s t -v 5%. 
Comparison o f t h e c o n s t i t u e n t p a r t s o f t h e s i t e i n v e s t i g a t i o n 
c o s t was n o t so c l e a r - c u t . Where p r o b i n g ahead o f t h e t u n n e l f a c e 
o c c u r r e d , t h e amalgamated c o s t o f p r o b i n g and payments t o t h e main 
s i t e i n v e s t i g a t i o n c o n t r a c t o r was w i t h i n 85-95% o f t h e t o t a l s i t e , 
i n v e s t i g a t i o n c o s t . However, t h e l a c k o f p r o b i n g on C o n t r a c t 40 
gave p a r t i c u l a r prominence t o a d d i t i o n a l i t e m s . For example, t h e 
M a t e r i a l s and G e o t e c h n i c s c o s t on C o n t r a c t 40 was 2 1 % o f t h e s i t e 
i n v e s t i g a t i o n c o s t , whereas on C o n t r a c t 52 i t was o n l y 4% based on 
monetary v a l u e s o f El740 and £3200, r e s p e c t i v e l y . 
W i t h r e s p e c t t o t h e M a t e r i a l s and G o o t e c h n i c s c o s t d u r i n g a 
c o n t r a c t , t h e method employed has been t o a s c r i b e a p a r t d i r e c t l y 
2 1 . 
to s i t e i n v e s t i g a t i o n , w i t h a p e r c e n t a g e o f t h e M a t e r i a l s c o s t assumed 
r e l e v a n t to s o i l s t e s t i n g . A l t h o u g h t h i s method c o u l d o n l y be 
a p p l i e d t o two o f the f o u r c o n t r a c t s s t u d i e d a t t h e t i m e o f w r i t i n g , 
s u p e r v i s i o n , t h e o t h e r major i t e m , was v e r y dependent on the v a g a r i e s 
o f p e r s o n a l memory, b u t a p a r t f r o m C o n t r a c t 31 appeared t o l i e w i t h i n 
10-15% o f t h e s i t e i n v e s t i g a t i o n c o n t r a c t o r ' s c o s t and on b a l a n c e i t 
was b e t t e r t o e l i m i n a t e i t f r o m c o n s i d e r a t i o n by s p e c i f y i n g i t as 
12.5% + 2.5% o f t h e main s i t e i n v e s t i g a t i o n c o s t . 
Thus i t appeared t h a t t h e same o r d e r o f a c c u r a c y , as w i t h t h e 
c o n t r a c t c o s t , c o u l d be a c h i e v e d by a s s e s s i n g t h e t o t a l o f t h e payment 
t o t h e main s i t e i n v e s t i g a t i o n c o n t r a c t o r ( + 12.5%), p r o b i n g and t h e 
M a t e r i a l s and G e o t e c h n i c s c o s t , worked o u t as p r e v i o u s l y . Care s t i l l 
needed t o be e x e r c i s e d t o ensure t h a t no l a r g e - s c a l e s i t e i n v e s t i g a t i o n 
programme, i n s t i g a t e d d u r i n g t h e c o n s t r u c t i o n phase, was o v e r l o o k e d . 
A l i s t c o u l d t h e n be b u i l t up o f t h e c o s t i n f o r m a t i o n r e q u i r e d 
f r o m a c o n t r a c t ; 
A. C o n t r a c t Cost 
1) C e r t i f i c a t e d Value 
2) S i t e S u p e r v i s i o n Cost 
3) Tender P r i c e ( 2 % as D e s i g n C o s t ) 
4) L i s t o f Claims and V a r i a t i o n O r d e rs d e t a i l i n g v a l u e 
i t d i d seem t o g i v e a r e a l i s t i c , answer. The c o s t o f s i t e i n v e s t i g a t i o n 
and cause 
B. S i t e I n v e s t i g a t i o n Cost 
1) Payment t o main S i t e I n v e s t i g a t i o n c o n t r a c t o r ( s ) 
2) Cost o f an}' p r o b i n g o r s i m i l a r work 
3) M a t e r i a l s and G e o t e c h n i c s Costs d u r i n g t h e c o n s t r u c t i o n 
phase 
I n T a b l e s ( 1 and 2) t h e c o n t r a c t c o s t s and s i t e i n v e s t i g a t i o n 
22. 
TABLE 1 
COMPARISON ON CONTRACT COST 
NWA CONTRACT NO. 27 31 40 52 
C e r t i f i c a t e d Ccst 
T o t a l Cost % 95.1 86.9 95.3 94.7 
S i t e S u p e r v i s i o n Cost 
T o t a l Cost % 3.2 7.1 2.8 3.5 
S i t e S u p e r v i s i o n Cost 
C e r t i f i c a t e d Cost % 3.5 8.1 2.9 3.7 
Other Costs 
C e r t i f i c a t e d Cost % 1.9 7.0 2;0 1.9 
Oth e r Costs 
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costs of the four d e t a i l e d s t u d i e s are compared, w h i l e i n Table 3 
the a c t u a l monetary values o f these c o n t r a c t s are compared w i t h the 
estimates, as based on the foregoing arguments. 
I t w i l l be seen i n Table 2 t h a t f o r each c o n t r a c t there i s a 
column designated "adjusted" costs, which costs d i f f e r s l i g h t l y from 
the a c t u a l costs. This term "adjusted" means the January 1979 value of 
the costs and the reason f o r the need f o r t h i s adjustment w i l l now 
be explained. 
I n order f o r comparisons to be made both w i t h i n c o n t r a c t s and 
between c o n t r a c t s , i t i s necessary to e l i m i n a t e any v a r i a b l e f a c t o r s 
which i n f l u e n c e the costs. 
Because of the perio d of time elapsed between the i n c e p t i o n of 
the o r i g i n a l Tyneside Sewerage Scheme and the f i n a l completion of the 
i n d i v i d u a l c o n t r a c t s , i n some cases i n excess of ten years, i t would 
be u n r e a l i s t i c to make any cost comparisions, w i t h o u t making 
adjustments f o r i n f l a t i o n . Over the ten-year p e r i o d (January 1969 
to January 1979) the value of the pound has dropped ( a t a v a r i a b l e r a t e ) f r 
I06p t o 35p, using average 19 70 value = 100 as per C o n t r u c t i o n Indices, so 
accounting f o r t h i s time-dependency had to be achieved i n a manner 
which took account of the v a r i a t i o n . 
No absolute method of performing these adjustments was known, 
so the choice of method depended on the required degree of w e i g h t i n g 
towards c e r t a i n c o n s t i t u t i v e f a c t o r s and on the amount of co m p l i c a t i o n . 
Several methods were t r i e d , w i t h , where po s s i b l e , d i r e c t comparisons 
being made between them. Three of the methods were based on the 
'Economic Trends' issued by the Central S t a t i s t i c s O f f i c e and 
published by HMSO. 
a) Purchasing Power of the Pound 
This method of i n d e x - l i n k i n g i s the most rudimentary i n t h a t i t 
























































































































assumes th a t a l l costs are subject to the same t a i l i n value, w i t h 
no reference being made to the un d e r l y i n g f a c t o r s which a f f e c t the 
purchasing power of the pound. I f the value of the pound at the 
rate of payment was <12p, say, and at the chosen base date was 35p, 
say, then the value of the cost ( x ) should be increased by a f a c t o r 
42 
( — ) to give the r e l a t i v e value of the cost of the chosen base date. 
3 5 
ID) Wholesale R e t a i l P r i c e Index (WRPI) and General R e t a i l Price 
Index (GRPI) 
These two f u r t h e r i n d i c e s , published by the Central S t a t i s t i c s 
O f f i c e , have the a t t r a c t i v e n e s s of being the most generally-quoted 
and best understood. They d i f f e r from each other i n t h a t the WRPI 
r e f e r s to a l l manufactured products s o l d i n B r i t a i n , whereas the 
GRPI includes s e r v i c e s . 
I t would be expected t h a t there should be an inverse r e l a t i o n s h i p 
between e i t h e r of these p r i c e i n d i c e s and the purchasing power o f the 
pound. For example, i f January 1977 and January 1979 are considered, 
the GRPI values, assuming an average 1970 value = 100, are 235.9 and 
283.4 r e s p e c t i v e l y , w h i l e comparative f i g u r e s f o r the purchasing 
power of the pound are 42p and 35p. Therefore the c o r r e c t i o n f a c t o r 
.42 p r e v i o u s l y s t a t e d of ( — ) = 1.20 would be f o r the GRPI the 35 
283 4 
inverse of the i n d i c e s , i . e . ( —'—) = 1,20 ( t o two decimal p l a c e s ) , 
2 3 o, 9 
e f f e c t i v e l y the same. 
Using e i t h e r WRPI or GRPI the adjustment r a t i o i s d i r e c t . For 
example, i f the payment date was January 1974 w i t h a GRPI of 136.8 
and the chosen base date December 1976 (229.8), then the r a t i o t o 
229 8 update the cost would be ( ' ' ). This case of manipulation can 136.8 
be extended to payment dates a f t e r the chosen base date, f o r example 
229 8 
January 1977 where the adjustment would be ( — ' — — ) , or a re d u c t i o n 
235.9 
i n cost. 
27. 
c) C o n s t r u c t i o n (Baxter) Indices 
As mentioned p r e v i o u s l y , the c i v i l engineering i n d u s t r y 
r e a l i s e d the necessity f o r i n t r o d u c i n g an i n - b u i l t i n f l a t i o n 
adjustment i n t o c o n t r a c t s programmed to l a s t more than one year. 
Since February 19 74 p r i c e f l u c t u a t i o n s i n labour, p l a n t and a 
range of c o n s t r u c t i o n m a t e r i a l s have been accounted f o r by i n d i c e s 
published monthly by HMSO i n the C o n s t r u c t i o n I n d i c e s . 
The method allows the Engineer and Contractor p r i o r to the 
commencement of the c o n t r a c t , to agree the breakdown o f a (0.85) 
s t a b l e c o e f f i c i e n t s p l i t i n t o the various categories, e.g. (0.4.) 
labour, (0.2) p l a n t , and so on. The remaining (0.15) i s normally considei-'.-c 
as f i x e d . The monthly i n t e r i m c e r t i f i c a t e s can thus be a l t e r e d 
to allow f o r i n f l a t i o n . 
I t would appear, on f i r s t examination, t h a t t h i s method would 
be i d e a l f o r i n d e x - l i n k i n g a l l c o n t r a c t costs, but there are some 
.severe problems. F i r s t , and most important, a considerable number 
of the costs pre-date the i n c e p t i o n of 'Baxter' Indices and there 
i s no method of e x t r a p o l a t i n g the e x i s t i n g system. I t would, also, 
be d i f f i c u l t to assign costs, outside the d i r e c t c o n s t r u c t i o n , to 
r e l e v a n t categories, such as land and l e g a l fees. 
A f u r t h e r problem manifests i t s e l f w i t h the Baxter Indices, 
as there appears to be two methods of updating costs to a chosen 
base date. When used to index l i n k cost d u r i n g a c o n s t r u c t i o n 
c o n t r a c t , a l l costs are r e f e r r e d back to a base month, us u a l l y -12 
days - p r i o r to the commencement of the c o n t r a c t . In order to 
update costs to your chosen base date one has the a l t e r n a t i v e of 
r e v e r s i n g the process and then using the Baxter Indices to l i n k 
the o r i g i n a l base date and the chosen base or one can 1 ink the 
date of payment to one's chosen base date v i a the Baxter Indices. 
The r e s u l t i n g answers show a f a i r degree of divergence, 
d) Term Contract Rate Index 
This t r i a l method was used on the f i r s t of the c o n t r a c t s , C27, 
to l i n k the annual percentage increase to costs to the annual 
change i n the cost of an e s s e n t i a l s i t e i n v e s t i g a t i o n item. The 
chosen item was "Sh e l l and Auger D r i l l i n g from 0'-30' ",an item 
i n t e g r a l to most s i t e i n v e s t i g a t i o n s . The scope of t h i s item was 
found, however, t o be very l i m i t e d and i t s use was not repeated i n 
any of the f u r t h e r c o n t r a c t s t u d i e s . 
The annual percentage cost increases r e l a t e d t o the various 
methods have been compared i n Figure 2. I t w i l l be seen t h a t 
there i s reasonable agreement between the h y b r i d Baxter Indices and 
GilPI, w i t h a c o r r e l a t i o n c o e f f i c i e n t of 0.95.GRPI was t h e r e f o r e 
chosen as the main method of p r i c e adjustment, as i t had the 
b e n e f i t s of spanning the complete p e r i o d under i n v e s t i g a t i o n , t h a t 
i s , f r o m 1968 onwards, as w e l l as good t r a c t a b i l i t y , which allows 
simple r e v i s i o n s to new base dates. This l a s t b e n e f i t was an 
important f a c t o r since the o r i g i n a l l y suggested base date of 
December 1976 already looks i n a p p r o p r i a t e and even the revis e d base 
date, January 1979, i s c u r r e n t l y over a year out of date. 
I n f l a t i o n i s not the only f a c t o r t h a t d i s t o r t s cost comparisons. 
Another obvious f a c t o r i s the p h y s i c a l dimensions of the tu n n e l . 
I t i s evident t h a t costs are l i k e l y to be more c l o s e l y - r e l a t e d to 
excavated volume than the l i n e a r metre, the q u a n t i t y u s u a l l y 
s p e c i f i e d i n B i l l s of Q u a n t i t i e s . 
I n i t i a l l y , o n l y c o n s t r u c t i o n l e n g t h was considered, but as the 
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; £ C O M P A R I S O N OF M E T H O D S OF I N F L A T I O N 
costs pot- l i n e a r metre bear l i t t l e r e l a t i o n s h i p , bo:i £ 482/1 i n . m. 
and C15G5/lin.ra., r e s p e c t i v e l y . I t i s not u n t i l the adjusted cost 
per excavated volume i s examined (£194/in'J f o r C31 and E178/m^ f o r 
C40) that a closer agreement i s found, t h a t i s , w i t h i n approximately 
8%. 
The i n f l u e n c e of g e o l o g i c a l c o n d i t i o n s should also be included 
w i t h i n t h i s category of d i s t o r t i o n s to cost comparisons as they are 
the main i n t e g r a l f a c t o r governing the choice of how much o f ea ch 
t u n n e l l i n g method i s used on a c o n t r a c t . C a t e g o r i s a t i o n of the 
ground i n t o anything more s p e c i f i c than 'rock 1, ' s o f t ground' or 
' f i l l ' would be d i f f i c u l t owing to i t s high degree of v a r i a b i l i t y . 
This l a s t problem i s discussed f u r t h e r i n Section 6, which deals 
w i t h the whole question of applying the p r a c t i c a l r e s u l t s of the 






Having produced the data i n a form whereby comparisons can be 
made i t i s i n t e r e s t i n g to see what, i f any, trends are i n d i c a t e d . 
The basic form i s created by reducing the c o n t r a c t s t o sets of 
f i g u r e s . These costs are set out i n Tables 4-9 but an explanation 
i s r e q u ired d e t a i l i n g what i s included and excluded i n the various 
hsadings, so as t o f a c i l i t a t e t h e i r i n t e r p r e t a t i o n . 
The items included w i t h i n the co n t r a c t cost are the c o n s t r u c t i o n 
cost, i n t e r p r e t e d as the c e r t i f i c a t e d value of the work undertaken 
by the main c o n t r a c t o r , and the a d d i t i o n a l costs. I n aggregating 
the a d d i t i o n a l costs every attempt was made to ensure consistency 
of c o n s t i t u e n t elements, The two main elements were the design cost 
and the s i t e s u p e r v i s i o n cost, which could be acc u r a t e l y abstracted 
from records. The design costs, however, were based on a percentage 
of the tender p r i c e , as no accurate f i g u r e was a v a i l a b l e f o r the complete 
Tyneside Sewerage Scheme ,which was how the p r o j e c t was o r i g i n a l l y envisagecv. 
and designed. Other items included w i t h i n the a d d i t i o n a l 
costs were the land and l e g a l fees, i n c u r r e d by the NWA, and sundry 
items paid f o r d i r e c t l y by the NWA, which avoid the c o n t r a c t o r ' s 
p r o f i t mark-up. Although i n the cases so f a r s t u d i e d the l e g a l 
fees have been small compared w i t h the c o n s t r u c t i o n cost, the 
s i t u a t i o n could a r i s e where l a r g e compensation claims would be paid 
out, which could s e r i o u s l y a f f e c t the t o t a l c o n t r a c t cost. 
Although most o f the c o n s t r u c t i o n work on these c o n t r a c t s 
concerned excavating and l i n i n g of sewer i n tunnel and the s i n k i n g 
of associated s h a f t s and manholes, there was an a d d i t i o n a l amount 
of p e r i p h e r a l work, i n the form o f , f o r instance, f i n i s h i n g work. 
I n a l l but one case, these costs have been allowed to remain w i t h i n 
32. 
T u n n e l l i n g Costs Contract 27 
Locat i o n 






H..u er Tyne Sew ago Siphon Tunnel 
Admeasurement, 4th E d i t i o n , VOP 
May 19 73 - June 19 76 




A c t u a l Cost Cost Adjusted to Dec.1976 value 
Cost Adjusted to 
Jan.19 79 value 
C o n s t r u c t i o n Cost (£)3 ,120,948.08 













( / ) 6,9 71.82 m 





S i t e I n v e s t i g a t i o n Contracts 
S i t e I n v e s t i g a t i o n Dates 
Number of Boreholes 
CI, C2, C17, C22 
March 1969 - January 1974 
32 
Ac t u a l Cost Cost Adjusted t o Cost Adjusted t o Dec.1976 value Jan.1979 value 
SI Costs ( e x c l u d i n g 
probing) <£ ) . 28,836.87 
(£ ) 54,542.24 
(£) 83,379.1.1 
649.06 
Cost of Probing 
T o t a l Cost of S I 









Cost of Claims and 
VO's 125,126.04 171,515 214,394 
a t t r i b u t e d t o S I (£ I 
TA ;•! 33. 
T u n n e l l i n g Costs (:oji t r a c t 27 ( P r i HI.-J ry f~ 
L o c a t i o n 





Tender P r i c e 
River Tyne Sewage Siphon Tunnel 
Admeasurement 4th E d i t i o n VOP 
May 1973 - May 1975 
488 m (between s h a f t s ) 
3.4m (3.67 m i f s h a f t s considered as p a r t 
of tunnel l e n g t h ) 
3. 2m 
Actual Cost 
Cost adjusted t o 
Dec.1976 value 
Cost adjusted t o 
Jan.1976 value 
Construction Cost(£) 1,031,882.16 
A d d i t i o n a l Cost (£) 195,687.13 
Contract Cost (£) 1,227,569.29 
Cost/lin.m .(£/m) 













S i t e I n v e s t i g a t i o n Contracts 
S i t e I n v e s t i g a t i o n Dates 
Number of Boreholes 
Actu a l Cost 
CI, C2, C17 
Apr.1969 - Aug.1972 
16 
Cost adjusted t o 
Dec.1976 value 
Cost adjusted t o 
Jan.1979 value 
S.I.Costs(excluding 
probing) (£) 26,766.17 
Cost of probing(£) 54,542.24 
T o t a l Cost of S.I.(£) 81,308.41 
Av.S.IoCOst/BII (£/BII) 1,116.32 
Cost of S.I. / l i n . m 











Cost of Claims and 
V0*3 a t t r i b u t e d t o 
SI (£) 
125,126.04 171,515 214,394 
*Contract 27 (Primary) r e f e r s t o the p a r t of Contract 27 d e a l i n g w i t h the 
excavation and n r i n n r v i -; r, • 
a primary l i n i n g of tunnel and s h a f t s . I t i s represented 
i n the f i g u r e s as C27P. 
34. 
TABLE fi 
Tu n no 11 i n g Co s t s Contract 3.1 
Locat i o n 





Tender P r i c e : 
South Dank I n i e r c e p t o r sewer 
(R e y r o i i e ' s to Si.onoygate Lane) 
Admeasurement 4th E d i t i o n Fixed Prj.ce 
May 1973 ~ May 1975 





Con s t r u c t i o n Cost (E) 737,635,79 
A d d i t i o n a l Costs (£) 111,668.58 
Contract Cost (£) 849,304.37 
Cost adjusted to 




Cost adjusted t o 












S i t e I n v e s t i g a t i o n Contracts 
S i t e I n v e s t i g a t i o n Dates 
Number o f Boreholes 
Actu a l Cost 
C3, C14, C17 
Sept.1969 - Mar.1972 
35 
Cost adjusted t o 
Dec.1976 value 
Cost adjusted t o 
Jan.1979 value 
S.I.Costs ( e x c l u d i n g 
probing) (£) 4,057.36 
Cost of probing (£) 1,037.74 
T o t a l Cost of S.I. (£) 5,095,10 
Av.S.I.cost/BH (E/BH) 103.26 
Cost of S . I ,/lin.m. 











Cost of Claims and 
VO's a t t r i b u t e d to 
S.I. (£) 16,380 28,000 35,000 
L'AMLE 7 
Tut)noIling Costs Contract 32 
Lo c a t i o n : 




Fi n i s h e d Diameter: 
Tender P r i c e : 
North Bank I n t e r c e p t o r Sewer 
(tlowdon Sewage Treatment Works to W i l l i n g t o n ) 
Admeasurement VOP Clause 4th E d i t i o n 
A p r i l 19 74 - May 19 77 
2808 m 




C o n s t r u c t i o n Cost(£) 3,861,662.07 
A d d i t i o n a l Cost (£) 280,322.98 
Contract Cost (£) 4,141,985.05 
Cost adjusted t o 










S i t e I n v e s t i g a t i o n Contracts C 1,C 3,C14,C17,C22,C37,C51,C74 
S i t e I n v e s t i g a t i o n Dates 
Number of Boreholes 
S.I.Costs(excluding 
probing) (£) 
Cost of Probing (£) 
T o t a l Cost o f S.I (£) 
Av.S.I.cost/BH (£/BH) 
Cost of S . I . / l i n m 
(exc l u d i n g probing)(£/m) 






Nov. 1969 - Sept. 1975 
77 
Cost adjusted t o 






Cost of Claims and VO's 
a t t r i b u t e d t o S.I.(£) 725,498 819,367 
3(5, 
Tunnel1ing Costs 
Lo c a t i o n : 





Tender P r i c e : 
North Bank I n t e r c e p t o r Sewer 
(Willing-ton t o Low Walker) 
Admeasurement 5th E d i t i o n CPF 
May 1975 - May 1977 
3183 m 





C o n s t r u c t i o n Cost (£) 
A d d i t i o n a l Cost (£) 
Contract Cost (£) 
Cost/lin.m (£/m) 







Cost adjusted t o 













S i t e I n v e s t i g a t i o n Contracts 
S i t e I n v e s t i g a t i o n Dates 
Number of Boreholes 
S.I.Costs(excluding 
probing) (£) 
Cost of probing (£) 
T o t a l Cost of S.I.(£) 
Av.S.I.cost/BH (£/BH) 
Cost o f S.I./lin.m 
( e x c l u d i n g probing) (£/m) 






Dec.1968 - Mar.1975 
49 
Cost adjusted t o Cost adjusted to 









Cost of Claims and VO's 
a t t r i b u t e d t o S.I.(£) 28,560 27,500 34,375 
37. 
'rum 1011 i n C O S t s 
TABLE 9 
Contract 52 
Loc a t i o n : 





Tender P r i c e ; 
C o n s t r u c t i o n Cost (£) 
A d d i t i o n a l Cost (£) 






North Dank I n t e r c e p t o r Sewer 
(Low Walker t o T r a f a l g a r S t r e e t ) 
Admeasurement 5th E d i t i o n CPF 
Feb.19 76 - A p r i l 19 79 
4562 m 
Soft Ground - 3.35 m 
Rode (Arch C o n s t r u c t i o n ) 3.35 m 
2, 75 m 
£5,543,626 






Cost adjusted t o 






S i t e I n v e s t i g a t i o n Contracts 
S i t e I n v e s t i g a t i o n Dates 
Number of Boreholes 
S.I. Costs (ex c l u d i n g 
probing) (£) 
Cost of probing (£) 
T o t a l Cost of S.I. (£) 
Av.S.I.cost/BH (£/BH) 
Cost of S.I./lin.m(£/m) 
(e x c l u d i n g probing) 
C4, C22, C37, C74 
Jan. 19 70 - Feb. 1976 
85 






Cost adjusted t o 






Cost of Claims and V.O's 
a t t r i b u t e d to S.I. (£) 498,000 538,768 
38. 
t h e c o n s t r u c t i o n c o s t as t h e y d i d n o t p r o v i d e any s u b s t a n t i a l i n f l u e n c e 
on t h e o v e r a l l c o a t . However, i n C o n t r a c t 27, whore a l a r g e amount o f 
s u r f a c e works a t J a r r o w Pre t r e a t m e n t Works was i n c l u d e d , t h e c o s t o f 
c o n s t r u c t i n g the t u n n e l arid N o r t h and South access s h a f t s was assessed 
s e p a r a t e l y and i s i n c l u d e d i n T a b l e 5 . , under C o n t r a c t 27 P r i m a r y . 
Even on the c o n s t r u c t i o n o f a sewer, d i f f e r e n t s i t e c o n d i t i o n s 
w i l l l e a d t o d i f f e r e n t c o n s t r u c t i o n a l methods, u s u a l l y i n t o open-cut 
e x c a v a t i o n , s o f t ground t u n n e l l i n g and r o c k t u n n e l l i n g . Not o n l y 
i s the method o f e x c a v a t i o n dependent on t u n n e l l i n g c a t e g o r y , b u t 
a l s o t h e c h o i c e o f p r i m a r y l i n i n g . For i n s t a n c e , i n an open-cut 
s i t u a t i o n p r e c a s t r e i n f o r c e d c o n c r e t e c u l v e r t s e c t i o n may be used, 
whereas i f e x c a v a t i o n had been by t u n n e l l i n g , p r e c a s t segmental r i n g s 
w o u l d have been t h e u s u a l c h o i c e . 
To i l l u s t r a t e t h e r e l a t i v e i m p o r t a n c e o f t h e s e d i f f e r e n t w o r k i n g 
methods, w i t h r e s p e c t t o c o s t a p p r a i s a l , t h e i n v e s t i g a t e d c o n t r a c t s 
have been b r o k e n down i n t o t h e p e r c e n t a g e s o f t u n n e l l i n g c a t e g o r y based 
on b o t h c o n t r a c t l e n g t h and b i l l e d p r i c e . The r e s u l t s a r e shown i n 
T a b l e 10. The p e r c e n t a g e c o s t s i n T a b l e 10 e x c l u d e t h e s i t e 
m o b i l i s a t i o n c o s t o f t h e t u n n e l l i n g equipment, so, i n o r d e r t o show 
t h e c o m p l e t e c o s t o f e x c a v a t i o n and p r i m a r y l i n i n g T a b l e 11 has been 
i n c l u d e d g i v i n g t h e r e s p e c t i v e f i n a n c i a l v a l u e s . 
R e t u r n i n g t o t h e t u n n e l l i n g c o s t s i n T a b l e s 4-S, an i m p o r t a n t 
s e r i e s o f c o s t s come under t h e h e a d i n g "Value o f Claims and 
V a r i a t i o n Orders a t t r i b u t a b l e t o S i t e I n v e s t i g a t i o n " . I n terms o f 
t h e t h e o r y these c o s t s a r e the monetary r e s u l t s o f a c t i o n s . For 
i n s t a n c e , on C o n t r a c t 27 t h e a c t i o n was t h e use o f a roadheader t o 
e x c a v a t e t h e t u n n e l under compressed a i r . The r e s u l t o f t h e a c t i o n 
n o t b e i n g optimum was t h a t , w h e n t h e t u n n e l f a c e c o n d i t i o n s c o n s i s t e d 
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4 1 . 
and had t o be removed. The monetary r e s u l t o f t h e a c t i o n was a 
Clause 12 c l a i m from t h e C o n t r a c t o r w h i c h , i n c l u d i n g the f o u r weeks 
d e l a y , c o s t t h e c l i e n t £114,525.24. I n o t h e r cases.where t h e 
problem i s not so s e v e r e , i t i s p o s s i b l e t h a t i t can be covered by t h e 
i s s u e o f a v a r i a t i o n o r d e r . T h i s p r a c t i c e i s o f t e n used where t h e 
t r u e e x t e n t o f a pr o b l e m i s on a g r e a t e r s c a l e t h a n the a l l o w a n c e 
made f o r t h e c o n d i t i o n i n t h e B i l l o f Q u a n t i t i e s . For i n s t a n c e t i n 
C o n t r a c t 52 p a r t o f t h e a d d i t i o n a l c o s t f o r r e m e d i a l work t o t h e r o c k 
t u n n e l d r i v e s was p a i d as v a r i a t i o n o r d e r s . 
The c o s t s under t h i s h e a d i n g a r e , t h e r e f o r e , t h e a g g r e g a t e o f 
Clause 12 c l a i m s , r e l a t e d c o m p e n s a t i o n c l a i m s and v a r i a t i o n o r d e r s , where 
i n a d e q u a t e i n f o r m a t i o n a bout ground c o n d i t i o n s c o u l d be seen t o be t h e 
cause. The r e l a t i o n o f th e s e c o s t s t o a g e o t e c h n i c a l l o s s f u n c t i o n i s 
d i s c u s s e d i n Chapter 6. 
T a k i n g comparisons one s t e p f u r t h e r , c e r t a i n r a t i o s and p e r c e n t a g e s 
have been made o f t h e c o s t s and a r e shown i n T a b l e 12. The most 
commonly q u o t e d o f t h e s e f i g u r e s , t h e p e r c e n t a g e o f s i t e i n v e s t i g a t i o n 
c o s t t o c o n s t r u c t i o n , l i e s w i t h i n t h e -expected range o f ^ - 1 ^ % f o r 
a l l t h e c o n t r a c t s , e x c e p t C o n t r a c t 27, where t h e s p e c i a l c o n d i t i o n s 
n e c e s s i t a t e d c o n t i n u o u s advance p r o b i n g . 
To f a c i l i t a t e t h e a p p r e c i a t i o n o f t h e concepts b e h i n d t h e t h e o r y , 
c e r t a i n o f t h e r a t i o s and p e r c e n t a g e s have been used t o produce 
r u d i m e n t a r y graphs. The f i r s t o f t h e s e graphs, F i g u r e 3,compares 
t h e v a l u e o f c l a i m s and v a r i a t i o n o r d e r s a t t r i b u t e d t o s i t e i n v e s t i g a t i o n , 
e x p r e s s e d as a f r a c t i o n o f s i t e i n v e s t i g a t i o n c o s t s , a g a i n s t the 
s i t e i n v e s t i g a t i o n c o s t s e x p r e s s e d as a p e r c e n t a g e o f t h e c o n s t r u c t i o n 
c o s t . 
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Q C 4 0 O c 2 7 p 
4 8 12 
S i t e I n v e s t i g a t i o n / C o n s t r u c t i o n C o s t { % ) 
A l l c o s t s a d j u s t e d t o J a n u a r y 1 9 7 9 v a l u e 
F i g . 3 C O M P A R I S O N O F T H E RAT IO O F C O S T E S C A L A T I O N T O E X P E N D I T U R E 
O N G R O U N D U N C E R T A I N T Y W I T H P E R C E N T A G E I N F O R M A T I O N C O S T 
46. 
i n v e s t i g a t i o n c o s t t h e h i g h e r t h e r i s k o f l a r g e c l a i m s , and, c o n v e r s e l y , 
t h e h i g h e r t h e s i t e i n v e s t i g a t i o n c o s t t h e l o w e r t h e r i s k o f c l a i m s . 
Of t h e cases s t u d i e d so f a r f o u r f e l l i n t o t h e c a t e g o r y o f low s i t e 
i n v e s t i g a t i o n c o s t and one i n t h e h i g h s i t e i n v e s t i g a t i o n c o s t b r a c k e t . 
I f s u f f i c i e n t d a t a were a v a i l a b l e t o prod u c e a s c a t t e r g r a m , i t i s 
e x p e c t e d t h a t i t w o u ld t a k e t h e g e n e r a l f o r m o f F i g u r e 4, where t h e 
area o f maximum s h a d i n g w o uld i n d i c a t e t h e maximum number o f c o n t r a c t s . 
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SITE INVESTIGATION COST 
FIGURE 4 
A l t h o u g h l i t t l e can be assessed from F i g u r e 2 t h e r e a r e i n d i c a t i o n s o f 
a wide d i s p e r s i o n i n t h e range o f ^ _ 1 ^ % , as e x p e c t e d f r o m t h e h i g h e r 
r i s k . 
I n f o r m u l a t i n g F i g u r e 3 o n l y t h e a b s o l u t e v a l u e s o f s i t e 
i n v e s t i g a t i o n c o s t a re c o n s i d e r e d , t a k i n g no a c c o u n t o f s i t e 
i n v e s t i g a t i o n d e n s i t y , w h i c h would be e x p e c t e d t o be d i r e c t l y r e l a t e d 
t o i n f o r m a t i o n d e n s i t y . I n o r d e r t o c r e a t e a measure o f i n f o r m a t i o n 
d e n s i t y two f u r t h e r graphs (see F i g u r e s 5 and 6 ) have been drawn, 
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Fig. b COMPARISON OF T H E R A T I O O F C O S T E S C A L A T I O N TO 
E X P E N D I T U R E ON G R O U N D U N C E R T A I N T Y PER U N I T L E N G T H 
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E X C A V A T E D V O L U M E W I T H P E R C E N T A G E I N F O R M A T I O N 
C O S T 
w h i c h use s i t e i n v e s t i g a t i o n c o s t s per u n i t sower l e n g t h and p e r u n i t 
e x c a v a t e d volume, r e s p e c t i v e l y . I t can be svon t h a t t h e o r i g i n a l 
shape o f F i g u r e 2 has been s u b s t a n t i a l l y u n a f f e c t e d , w h i c h w o u l d 
i n d i c a t e a f a i r l y u n i f o r m s i t e i n v e s t i g a t i o n d e n s i t y o v e r t h e d i f f o r o i v 
c o n t i ' a c t s . 
E x p r e s s i n g 'Claims and V.O's a t t r i b u t a b l e t o S i t e I n v e s t i g a t i o n " 
as a f r a c t i o n o f t h e S i t e I n v e s t i g a t i o n Cost s e r v e s t o i l l u s t r a t e 
t h e p o t e n t i a l l y l a r g e d i s c r e p a n c y between t h e money expended on 
r e d u c i n g u n c e r t a i n t y about ground c o n d i t i o n s and t h e c o s t e s c a l a t i o n 
o f a c o n t r a c t caused by t h i s r i s k . I t does n o t , however, a l l o w 
d i r e c t c o m p a r i s o n between t h e c l a i m s ( r e s u l t s o f non-optimum a c t i o n s ) 
and t h e s i t e i n v e s t i g a t i o n . F o r t h i s r e a s o n F i g u r e s 7 and 8 
have been drawn, showing c l a i m s and c l a i m s p l u s s i t e i n v e s t i g a t i o n 
c o s t s e x p r e s s e d as a p e r c e n t a g e o f a d j u s t e d c o n s t r u c t i o n c o s t . 
I t i s e v i d e n t t h a t n e i t h e r o f t h e s e graphs r e p r e s e n t any marked 
d e v i a t i o n f r o m F i g u r e s 3 and 4 , a l t h o u g h t h e y do, pe r h a p s , 
emphasise t h e u n i q u e n e s s o f C o n t r a c t 27 ( t h e sub-aqueous t u n n e l 
l e s s t h a n h a l f a k i l o m e t r e i n l e n g t h j . 
I t w o u l d be p r e m a t u r e a t t h i s s t a g e t o a t t e m p t t o e s t a b l i s h any 
e m p i r i c a l e q u a t i o n f o r t h e graphs i n F i g u r e s 7 and 8 . N o n - l i n e a r 
r e g r e s s i o n a n a l y s i s was a t t e m p t e d on the d a t a , b u t t h e r e s u l t s were 
i n c o n c l u s i v e . 
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CONTRACTU AL PROCEDURE 
I n o r d e r t o b e t t e r u n d e r s t a n d t h e problems o f r e l a t i n g t h e o r y 
to t h e a c t u a l r e s u l t s , t h e r e i s a p r e l i m i n a r y need f o r an a p p r e c i a t i o n 
o f c u r r e n t t u n n e l l i n g c o n t r a c t p r o c e d u r e . For an i n - d e p t h a n a l y s i s 
r e f e r e n c e s h o u l d be made t o (ABRAHAMSON, 1973), (LEENEY, 1979) and 
(ABRAHAMSON, 19 79 ) . 
W i t h the i n c r e a s e d s p e c i a l i s a t i o n o f t u n n e l l i n g c o n t r a c t o r s and 
a d i m i n i s h i n g number o f c o n t r a c t s l e a d i n g t o i n c r e a s e d c o m p e t i t i v e n e s s 
and l o w e r p r o f i t m a r g i n s , t h e r e i s a c l e a r i n c e n t i v e , p a r t i c u l a r l y 
on t h e p a r t o f t h e G l i e n t , t o reduce d i s p u t e s and a p p o r t i o n r i s k 
e q u i t a b l y . 
I t i s i n t h e i n t e r e s t s o f b o t h t h e c l i e n t and t h e c o n t r a c t o r t o 
m i n i m i s e u n c e r t a i n t y . W i t h o u t e v i d e n c e o f t h e v e r y low p r o b a b i l i t y o f 
h i g h c o s t r i s k s c o n t r a c t o r s a r e l i a b l e t o make a l l o w a n c e s f o r them, 
w h i c h , i n t u r n , w i l l have t o be p a i d f o r by t h e C l i e n t t h r o u g h a h i g h e r 
t e n d e r p r i c e . E q u a l l y t h e c o s t i n g o f h i g h r i s k i s l i a b l e t o p e n a l i s e t h 
c a r e f u l c o n t r a c t o r and a i d t h e f o o l h a r d y o r i n e x p e r i e n c e d c o n t r a c t o r 
i n w i n n i n g a c o n t r a c t , as t h e l a t t e r i s l e s s l i k e l y t o make r e a l i s t i c 
a l l o w a n c e s f o r unknown v a r i a b l e s . 
I n the c o n t r a c t i n g s i t u a t i o n , r i s k i s compounded f r o m t h e •-• 
u n q u a n t i f i a b l e c o s t s r e l a t e d t o u n c e r t a i n t i e s and t h e r e i s a w i d e 
v a r i e t y o f r i s k s i n v o l v e d i n p l a n n i n g ; work over a f u t u r e p e r i o d . 
U n c e r t a i n t i e s , w h i c h i n f l u e n c e c o n t r a c t s , f a l l i n t o t h r e e main 
c a t e g o r i e s . 
Government i n f l u e n c e , b o t h d i r e c t and i n d i r e c t , m a n i f e s t s 
i t s e l f t h r o u g h the c o n t r o l o f such f a c t o r s as i n f l a t i o n , i n t e r e s t 
r a t e s and a l s o i n t h e i m p l e m e n t a t i o n o f laws r e l a t i n g t o l a b o u r , 
s a f e t y and so on. A l t h o u g h n o t r e a l l y a p p l i c a b l e t o t h i s c o u n t r y , 
t h e s t a b i l i t y of the s o c i e t y can play a major p a r t i.n f o r e c a s t i n g 
c o n t r a c t o r costs abroad. 
In the cases s t u d i e d so f a r the Q i e n t has also been the 
Engineer, so f a c t o r s i n f l u e n c e d by both o f these have been lumped 
together. I n the p r i v a t e sector they would bo separated under the 
two headings. The Client/Engineer i n f l u e n c e s the c o n t r a c t through 
the formation of the B i l l of Q u a n t i t i e s and S p e c i f i c a t i o n and also 
i n the c o n t r o l of the c o n t r a c t where disputes ca*"t a r i s e over workmanship 
or personnel r e l a t i o n s . 
The t h i r d category r e l a t e s to u n c e r t a i n t i e s i n the p h y s i c a l 
c o n d i t i o n s , which can lead t o unforeseeable circumstances and 
compensation claims.. I t i s w i t h attempts to examine t h i s t h i r d 
category t h a t the present research i s concerned, w i t h t u n n e l l i n g 
c o n t r a c t s being used since they are probably the most s e n s i t i v e o f 
c i v i l engineering works to v a r i a t i o n s i n subsurface i n f o r m a t i o n . 
The present research has looked i n t o admeasurement c o n t r a c t s , 
a system o f c o n t r a c t most widely used throughout the c i v i l engineering 
i n d u s t r y . I t bases i t s achievement of a f a i r p r i c e f o r the work 
on the use of c o m p e t i t i v e tendering, u s u a l l y from a l i s t of 
selected tenderers,assuming t h a t c o m p e t i t i o n w i l l induce the 
c o n t r a c t o r to assess r e a l i s t i c a l l y the r i s k assigned to him. 
Contracts are u a u a l l y l e t under the Conditions of Contract and 
Forms of Tender, Agreement and Bond f o r use i n connection w i t h Works 
of C i v i l Engineering Construction 5th E d i t i o n (June,1973, revised January 
1979), which are documents agreed by the I n s t i t u t i o n of C i v i l Engineers, 
Consultants and the Federation of C i v i l Engineering Contractors. The 
document i s more commonly known as "The ICE Conditions of Contract". 
W i t h i n i t s framework there are clauses which r e l a t e s p e c i f i c a l l y t o 
p r o v i s i o n Cor unforeseen c o n d i t i o n s and the major ones w i l l be 
explained i n greater d e t a i l below. 
However, before d e t a i l i n g the clauses to which a c o n t r a c t o r 
has recourse f o r a d d i t i o n a l payment or time, i t i s d e s i r a b l e to 
ex p l a i n what i s expected of a c o n t r a c t o r p r i o r to the commencement 
of a c o n t r a c t , a requirement which i s covered i n Clause 11 of the ICE 
Conditions o f Contract. 
Inspection of I I . i l ) T h e C o n t r a c t o r >h, i l ! he deensvd l o ha-.e inspected a n d e x a m i n e d the St ic a n d i is su r -
s i t < ! - r o u n d i n g - a m i t o l i a \ c sat is f ied lum-e i ' l be fo re s c h t n i i t m e . his t ende r a . , to the n a t u r e ot the g r o u n d 
; tnd s a i b - s o i ! is.> ta r as is p i a e i i e a h l e a n d h .o ine . ta i .cn m m aeeo imt i n f o r m a t i o n in c o n n e c t i o n 
t h e r e w i t h v b i t l i nia> have been p r o v i d e d m. P r „ „ t v b . i I : . . f the F . a i p i i . j c r l i h c f o r m a n d n a t u r e 
o f t!ee Site (he e x t e n t a m i n a t u r e o { ' l i re vvo.->. a n d n a t c i i a t s neccs-.arv !<ir the c o m p l e t i o n oh the 
W o i k s l i t e mean.- o t c o m m u n i c a t i o n v.,111 a m ! accc-o t o the Site t i e a c v m m u o j a t i o n h e m ; i \ r e q u i r e 
ami i n ; c i te : a I l o have o b t a i n e d t o r h . n o c l f a!! n e . e s - a n i n : or m a t a m i -.m-eecl a-, a b o v e - m e n t i o n e d ) 
as l o ris-o- e o n t i n e e n e i e - a m i a i i o i h e t c i r c u m s t a n c e s i a t l u c i K m e o r a t f ec tme h i s tender . 
Sufficiency o* I — > 1 l i e C ' o n l r a e l o r sha l l be deemed to h a \ e K i l o h e d l i i u c c l f h c l o i c s u b m i t t u m h i s l e n d e r 
Tender . as to the , 01 i t , aiess a n i l s u t h v icncv o f t h e rates a n d pr ices s t a l e d !v. h i m in the I ' necd i l i i l o f 
Q u a n t i t i e s w h i c h sha l l (except •:: so ta r a s it Is o t h e r w i s e p r o v i d e d in l!te C o n t r a c t ) cove r a l l h is 
o b h a a t i o i o u n d e r ihe C o m r a c t . 
As can be seen, i t i s not a precise d e f i n i t i o n . Although 
i n v e s t i g a t i o n s are req u i r e d f o r the s i t e and i t s surroundings ,they 
are not req u i r e d f o r the subsoil,where the c o n t r a c t o r i s only 
deemed t o have s a t i s f i e d himself as to the nature o f the s u b s o i l . 
The Clause would suggest t h a t he need not r e s o r t t o opening up the 
su b s o i l provided he takes i n t o c o n s i d e r a t i o n the a v a i l a b l e i n f o r m a t i o n . 
Contractors would have the r i g h t to recompense i f , the C l i e n t 
warranted the. i n f o r m a t i o n he provided or asked the Contractor to 
use i t i n h i s estimate a t the tender stage. 
S i m i l a r l y , the Engineer cfoes not have the power to warrant 
any i n f o r m a t i o n and may be i n breach of warranty of h i s a u t h o r i t y 
should lie" do so. Any reckless (knowing not ' t r u e ' , but not knowing 
'untrue') or f r a u d u l e n t (knowing 'untrue') statement made to the 
Contractor regarding c o n d i t i o n s would allow him t o have recourse to 
damages. Even i f 'the misrepresentation i s made i n innocence, the 
Contractor would s t i l l bo en ti i l«ci to end the con ti' u c t . Care, 
t h e r e f o r e , needs to be exercised as to what was a c t u a l l y represented, 
w i t h the usual format being t h a t Company'X'made boreholes w i t h 
r e s u l t s "such and such", I n t h i s s i t u a t i o n i t would be d i f f i c u l t 
f o r a c o n t r a c t o r to claim any misrepresentation. 
The i n c l u s i o n o f the phrase 'taken i n t o account' i n the 5th 
E d i t i o n i s an improvement over the 4th E d i t i o n , where i t was only 
i m p l i e d and c l e a r l y i n d i c a t e s t h a t any i n f o r m a t i o n provided by the 
C l i e n t should only be one of a number of f a c t o r s governing the 
tender. I t f o l l o w s t h a t the more i n f o r m a t i o n t h a t i s provided,the 
higher w i l l be the degree o f s i g n i f i c a n c e t h a t can be applied t o 
i t and the more d i f f i c u l t f o r the Contractor to check. I t v/ould 
seem only reasonable t h a t Contractors should be acquainted w i t h 
what f a c i l i t y they have f o r undertaking a d d i t i o n a l s i t e i n v e s t i g a t i o n 
should they wish to do so. 
In a case where the Contractor b e l i e v e s t h a t he has a 
j u s t i f i a b l e claim to a d d i t i o n a l payment, the Clause which he invokes 
depends on the nature of problems. I f the cost i s due t o a l t e r a t i o n 
i n the b i l l e d q u a n t i t i e s then i t i s l i k e l y t h a t i t w i l l be covered 




Vari . i t ionj to I 
in Wr i t ing . 
CliangeS in 
51. ( t ) T h e t i n ^ i n c c r sha l l o r d e r a n \ \ a r i . t . ' any par t o i j l i c V\ . i rk- , i h . t i n .a \ in his o p i n i o n 
be n e c o s a r . l o r the •.v,)? ;p, lci,oft <)i' the W . . : • • ' . ! :U have p.>••-cr in o o k a , iuv \.>r.- I r w ) [ ba t 
f o r any o t h e r reason shal l in his o p i n i o n he dc -:i.>b;c !••!" I he \ i : i s l , i « ! i -i \ o a i . p l e l n m a n d l ; i ncUon i r i { ; 
o ! the W o r k s . Such \ i i :t;; * > n n\:i\ i n c l ude a J J n i o ' K n i n i sM i i ns : ^ i h - , t i l u i i o ' . i - a l t e r a t i o n s i.h:ir,p.cs 
in c; i iain> f o n u char ; i c ie r k i n d pi wit i on dnncr : - v i i i level o r l ine a :a i c'laae.es in t in* • p e a l ic i t -c< p fence 
m e t h o d o r tun ine. o l ' c i . - r .s ' r t ie t ion h i " a n y ) . 
{2) N o such \ ; u ! : ! : i>n sha l l tie n.ade by the ( . V n - t i a a o r w i t h o ' i l an o r d e r by ihu f i r - i n c e r . 
A l l such n r ' J i . r s sha l l h civ en in wni iMe. p i o v i d e d l h a , i i ior : : n 1 ' ; . : . .MHI (he L n e i n c e r shai i h n d i t 
necc.-'-aiy U> eive a : i \ s> e l : o r d e r o r a l l y in the l i r a n is i a nee. the ( --ut • :c-r - h a ! ! e o n i p K w i t h such 
o r a l croc* ' . S.eeh o r a l o ; d c r \ h . : j l be Ct-nJ i ; : ; ; ed u) ^ i n i n r : i h c pneaiu-ej a.-, so ia i a:. \> p o - s i h l e 
in the c i i cmnMancc - . . H ;he ( u j t u a c i o r - h a l l c > : , ; i ; ; : i in A - I ' i i o * . l o use I : I I : , ! , I . , -L I o r a l o i d e r 
by the h j iL i inccr a m j M I J I c o i d b ' t r . a i i o n -,ha!i be i • n r . i a d i . t e d in u r i l ' i i i i b \ ;;,e I 'ne i in er iVa t l i -
u i t h i ! - d r i l l i*e deemed i.i i-e a ' l < •: Oef i-i \- n:i<::'. b« i he 1 ni.'Uieef Na * •., :; ,u '>on order e;l o r deemed 
u> be o r d e r e d HI V. none , in acco rdance w i t h s h b - e h u ^ . w (I J a n d I ?! the- C'aos - j sha l l in any w a y 
v ; ; i a l e -vr i n v a l i d ,te the (."onir. i i I hu t the va lue id " a m * n ! ' ; . | | M K I I v ai u l i o n - ; shal l be taken i n t o 
a c c o u n t ;n ; iseer ia i ! i in ;e the . i i - k u n u o f the O i n ; i at:: I ' l ^ e . 
'.}•) N o o i l i e r n i v \ r i ; n i L * sha l l be n - . p i i i cd !-if n,:uease o r d c c i e a , ; i n the ( p i a i ' b l y i d ' any 
u oj-k here such i i i c i ease o r t k \ i ease is n- >| 1 lie : CM:!I o f o r d c i n u - ! ! t:rider I his O ni',e l*i;| is 
i he t e ' M i l t o i ' the q u a n t i t i e s exceed ing o r l ieinj; , 'e-.s t h a n ih iv.c ste.led i:; the Hi l l n f Q u a n t i t i e s . 
General o p i n i o n holds t h a t the extent of t i i i s clause l i m i t s 
the v a r i a t i o n to any p a r t of the work, but does not include an 
a l t e r a t i o n to the whole works, f o r example, a change of l o c a t i o n . 
To be v a l i d a t e d by the clause, the v a r i a t i o n must have been 
authorised p r i o r to the undertaking by the Engineer who can only 
do so under s p e c i a l a u t h o r i t y from the C l i e n t . (The C l i e n t cannot 
make the order as he would be i n breach of c o n t r a c t . ) This order, 
whether v e r b a l , l a t e r to be confirmed i n w r i t i n g , or w r i t t e n , does 
not exclude drawings or sketches which i n d i c a t e a d e f i n i t e method of 
working. A p o i n t worth n o t i n g i s tha t the c o n t r a c t o r may not, 
under h i s own a u t h o r i s a t i o n , a l t e r the work and would be l i a b l e to pay 
damages i f he d i d so. 
M t a i u r e m e n t and 
Valuat ion. 
Increase or 
Decrease of Rate. 
At tending for 
M c j i u r c m t r . t . 
56. (1) T h e K n m n e e r shal l exec; - i as o i h c r w r e • ; a t cd a w e i t a in a n d determine hy a d m e a s u r e m e n t 
the v a l u e in a c c o r d a n c e l -vnh '.ho C o m m a o t i k : w o r k d e n e in a c c o r d a n c e w i t h Hie d i n t r a c t . 
(2) S h o u l d the a c i u a ! q u a n i i i n > execu ted in r e ^ r v . l o f a e , \ i i e m he g rea te r o r l e t s t h a n those 
s ta l ed in the R i i l o f Q u a n t i t i e s a n d i! i n the o p i n i o n o f the I . r iv . - . rer s u c h i nc rease o r decrease o f 
i t s e l f sha l l so w a r r a n t t h e L 'n^ incer sha l l a f ; e r e o n - . u l t u ; i o n v. : i h i ! ie O i a i a c . ' o r d e h - r n u n e an 
a p p r o p r i a t e inc rease o r decrease o!' anv ra les o r pr ices rende red u n r e a s o n a b l e or I n a p p l i c a b l e in 
c o n s e q u e n c e t h j r c n f a n d sha l l no t i f y the C o n t r a c t o r a c c o r d : n e l \ . 
(3 ) 'I h e I a i y i n e e r sha l l whe-n h e requ i t es . m v n a n o ; pa r t - . \ i t he 
r e a s o n a h l e n .n lce !o d ie C o n t r a c t o r n l i . i sha l l a i t e i i d o r ^end a L jaa ! : t : L d . 
or the { - r i i M i i e e r ' s K c p r e s c m a m c in m a t . i m : s u c h M K V M I . C : . : ' ! ' , ! . I M J <-! 
r e q u i r e d by e i t h e r o f t h e m . S h o u l d the C . ; i : i r a c i o r no t a t t e n d o r tie-: 
agent t h e n the m e a s u r e m e n t m a d e by the i j 
c o r r e c t m e a i U i e n i e n t o f the \ s u r k . 
\ s o r k t o u e m e a s u r e d e ivc 
" j v i i l t o jNs i^ i the K n e i n e c r 
i a l ! f i : r n ; s h a l l p a r t i c u l a r s 
iect o r u r n ; ! t o send such 
i i anec - o r a p p r o v e d i n h i m s h a l l be t a k e n to be the 
Where i t can be proved t h a t there i s a d i f f e r e n c e between a c t u a l 
q u a n t i t i e s and b i l l e d q u a n t i t i e s , the Contractor has a r i g h t to an 
increase i n the r a t e . S i m i l a r l y , i f a decrease i n q u a n t i t y makes a 
p a r t i c u l a r working method uneconomic, he would have a r i g h t to an 
increase i n the r a t e . I n e f f e c t , the C l i e n t i s guaranteeing the 
quan t i t l e s estimated from the s i te i n v e s t i g a t i o n . The estima t i o n of 
a s u i table r e v i s e d r a t e should take i n t o account whether the o r i g i n a l 
r a t e was uneconomic f o r the s p e c i f i e d q u a n t i t y a l l o w i n g f o r any 
i n f l e x i b i l i t y i n h i s working method. 
ld 7. 
Whore the a d d i t i o n a l cost due to unforeseen concli t i o n s cannot 
be included w i t h the B i l l of Q u a n t i t i e s , or by using b i l l e d r a t e s , 
the Contractor has recourse under Clause 12, 
Adverse P l iy i ' r * ! 
Cond i ' . i cn i *nd 
Obscu i . ' . i ons . 
M * i t n r e i to be 





12. ( ! t I f (.tin i iij.! I he a . v t i l m n o f i he W 01 k • lhc C o n t r a . M r - l ^ i l l ••: 
( u i l u - r i l i . i r : lher c m l u i u n s m v a u h l H u - dne to -.a-i.d;! :• . 
U ! ; K ! I t I •»(• > o r o i . - i i uc t i - . -n - . he < c t -oJc : :- LO- . :M ; ot !•-•- \ . \ : 
c vpL-i l en^cd L i>n ; rac !o : a n d the C o m : a c : i =; is o l o p t i o n i d : add - : i--n,, 
V . I I L : ' . ! nu t have been j n e m t e d i! the ph>Mi .a! c o n d i t i o n ; i-r . o ; i ; \ _ i . d 
cnco i i i » :c red IK- sh.d l *i he i n tends I " m a k e . I T - » !a im for a d d i i t o n a l 
f .n: : i i !oer p a i s u a n : to Clan-.c S.li-Ji a n d -h d ! s i v . i l \ n: such no:;! , a i b i 
a r l i j k i a ! n b . u ;a i io ;v . en. , •;• n ! e: 1 a h d w i t h the n o ; ice il p i :: o. 11'! c « 
p ! : \ M ; ' - i ! c o n d i ' o o h s 
: : u : ; u o o v i r ; : a i o M S 
c:i f o K ^ c e n bv a : ; 
i r v i t u - s i n o i w h i c h 
:u! i - . h a d n o t b e e n 
eiv-e n o ' . i c e i ( i the 
c o n d i t i o n : - a m i ' o r 
i a s poss ib le t h e c -
a i i c r i ' i \v dc : .n 
a n d ihe cvk -n i . 
a led c l f C C l s l i \ T o ' ! t h i 
:d t ' ck i s i.i o r o i t c i Icrei i ; . c 
n c he is or o p r o p o s i n e to l a k e 
; ! i ihe i l i u m o f [he NV.MKS. 
} - ) l - ' o ! l o \wn r receipt •>(' a no t i ce -andcr sish-chiusc { 11 o l ' i h i s C I . i ' i s c the l i n p n e e r m a y i f 
he t l i i i t k t i t inter alia: — 
f a ) r e q u i r e i t i c C o n ' r a c t o r t o p r o v i d e a n es t ima te o f the cost o f ihe measures he is 
t a k o u ; o r is" p i o p u M i u ; to l a k e ; 
l b ) a p p r o v e in ' A n t i n g such measures w i t h o r w i t h o u t rnod i l i ^ . i l i ' . 'M i ; 
<c) L'O <: w) i i i - j i i i n s t r u c t i o n s a-, t o h o w t l ie p h v M U I I c o n d i t i o n s o r a r t i t i c u ! o b ; ; t r u c t i o n s 
arc t o be dea l t v> ; i h ; 
( J ) o r d e r a s i ^ p e i i - i i o i i u n d c i C i i i ise -40 o r :i ' . ana ' . i un u n d e r C lause 5 1 . 
(.*) l o I t ie ex ten t l l i a t ( l ie f n u i n e e r s h a l l dec ide ih:M the u h . d e o r ! o m e p . u ! o f the said 
phys i ca l c o n d i t i o n s or a r t i f i c i a l ohst rue] i o n s c o u l d m>l r c a s o J i a h i v have l>een foreseen by an 
exper ienced c o n t r a c t o i live l l n e i n e e r sha l l take aip. d e l a y su f fe red I n the ( V ^ . L UH 1 ! as a res t i l l 
o l s t i c h c o r . d i o o n s or o l > - t r a c ! : u r s i n t o accoun t in ^ieief m i n i : ^ ! a m e. \ le; )s:u i i n l " tur.e to w h i c h 
the C o n t r a c t o r i- c n n i l e d unde r C lause -M a n d the C o i i t r . i c t t u sha l l s u h ; e c t to C lause 5."!M) ( n o t -
w i t l i s t a . t ' i d ! ; ' ^ I he.I t he l i n e:neer i u a \ n v: i \ t \ e t:i s en an> in- . i i net i o n s • M" o r d e i s pn . ' suan i to .sub-clause 
{2) o f iho'. ( i a u - e ) be pa id i n a c c « . ' i d a n c e v - i i h ( iai tse (M sucl i MHV, a s r e p i e s e n i s the reasona l i l e 
cust i d ' ( .a r r \n : : t m i l a n \ a u d i ! i o : i a l v . . . i t . done ;n id a d d : i i o ; ; ; i l C o n : , t n : L i i o a ; : ! [M.im used v .h ieh 
w o u i d n o ; l u x e K v n dt>ne o r iss-.-J h . .d such t o : i d i t i o ; i s or o;-.>ii u c t i o r . s o r v , i d ) p.nt t h e r e o f as the 
c:i>c nias r e n m been c n c o ; : - a e i e d l o ; ; e ; i : e r v . i i h a r c a s o : u h ! e perccnt; i r . . - a d d i ' i o n t h e r e t o i n 
respect o f p ro f i t a ; i d t h e I 'e.iM'i iabic c o i l s i n c u r i c d b\ the C o i i t r a e l o r by reason o l any u n a v o i d a b l e 
de lay o r d i M U p t c u i o f woikii-,:? m i f e r e d a s a conse i i uence o f e n c o u n t e r i n g the said c o n d i t i o n s o r 
oH:,ti n c i i o i i s o r such \y,ui t l ierev 1 ! . 
(4) I f ihe I -ny ineer shal l dec ide that i ke phxs i ca ! c o n d i t i o n s o r a r t i f i c i a l o b s t r u c t i o n s c o u l d 
is; u ho le ot in p a n have been r e a s o n a h h foreseen b\ an exper ienced c o n l r a e l u r he sha l l so i n f o r m 
the C o n t r a c t o r in w i i l i n ; : : i s soon a s he -.liedI have reached t h a i dec i s ion hu t the va lue <•! a n y v a r i a t i o n 
p r e v i o u s ! ) o r d e r e d b\ h i m p u r s u a n t t o s u b - c l i ' . ' s e ( ? ) ( d ) o f th is C lause sha l l be a s - v r l n i n e d i n 
a c c o r d a n c e vxi lh C lause 52 a m i i n c l u d e d m ;hc C o n u a c i Pr ice . 
This clause i s at the centre of the r i s k - s h a r i n g p r i n c i p l e and 
ii 
hinges on the phrase ....which c o n d i t i o n s or o b s t r u c t i o n s he (the 
ContractorConsiders could not reasonably have been foreseen by an 
experienced c o n t r a c t o r , . . " . The ambiguity of these words i s a major 
cause of disputes, 
The f a c t t h a t the c o n d i t i o n might have been foreseen does not 
au t o m a t i c a l l y discount the claim. The general consensus of op i n i o n 
i s t h a t there i s l i k e l y to be no claim i f an "experienced" c o n t r a c t o r 
could have foreseen a s u b s t a n t i a l r i s k i n the c o n d i t i o n . 
I t i s o f t e n argued by co n t r a c t o r s t h a t a p a r t i c u l a r design 
showed t h a t the Engineer d i d not expect p a r t i c u l a r p h y s i c a l c o n d i t i o n s 
to eventuate. (A case i n p o i n t was on NV/A Contract 32 Tunnel Drive 
C4-C2 where the Contractor maintained that the tolerances s p e c i f i e d 
i n the B i l l o f Q u a n t i t i e s i n d i c a t e d the Engineer d i d not expect t o 
encounter the p r e v a i l i n g c o n d i t i o n s of waterbearing sands, s i l t s and 
gravels.) From a l e g a l p o i n t o f view, however, evyn i f t h i s s i t u a t i o n 
58. 
was a f a i l u r e on the p a r t of the Engineer, ( t i n - author's o p i n i o n i s 
t h a t i t was not a f a i l u r e ) i t does -.sxempt the Contractor from h i s f u l l 
d u t i e s under Clause 11. 
Often, enforced a l t e r a t i o n s to the working method d i s r u p t the 
c r i t i c a l path (Clause 14) programme and the Contractor would be 
e n t i t l e d under Clause 13 to claim f o r any costs due t o the delay 
and d i s r u p t i o n . I n order that , i n t h i s s i t u a t i o n , the Contractor 
i s not placed i n a p o s i t i o n whereby he would have a claim against him 
f o r l i q u i d a t e d damages due to overrun of the c o n t r a c t p e r i o d , Clause 
44 can be invoked to enable him to receive an extension of time f o r 
the completion o f work. 
I n a d d i t i o n t o compensation f o r any a l t e r a t i o n to c o n t r a c t 
work as s p e c i f i e d under Clauses 12,13,51, the Contractor has the 
r i g h t to c l a i m damages f o r breach of c o n t r a c t due to delay and d i s r u p t i o n 
of h i s programme. Usually i t i s l o s t p r o f i t s t h a t the Contractor 
wishes to recoup; t h a t i s , the f a c t t h a t h i s p l a n t and labour are t i e d 
up i n a c o n t r a c t f o r longer than o r i g i n a l l y envisaged reduces h i s 
a b i l i t y t o gain p r o f i t from a l t e r n a t i v e c o n t r a c t s d u r i n g the overrun 
period. Although i t i s common p r a c t i c e f o r a Contractor t o base 
h i s d i s r u p t i o n claim on the d i f f e r e n c e between programmed and a c t u a l 
progress, i t i s necessary f o r him to prove what h i s a c t u a l progress 
would have been,had the cause of the delay not e x i s t e d . Assessment 
of d i s r u p t i o n i s , t h e r e f o r e , v e r y d i f f i c u l t , w i t h the a r b i t r a t o r l e f t 
to judge the balance between f a i r recompense f o r the Contractor and 
losses due t o h i s own i n e f f i c i e n c i e s . 
So f a r , t h i s s e c t i o n has d e a l t w i t h the method whereby the 
Contractor may recover, under an admeasurement system, any a d d i t i o n a l 
costs caused by unforeseen c o n d i t i o n s . However i n the s i t u a t i o n where 
there i s i n s u f f i c i e n t i n f o r m a t i o n a v a i l a b l e about c o n d i t i o n s to 
enable the Contractor r e a l i s t i c a l l y to p r i c e h i s r i s k , there are 
a l t e r n a t i v e types of c o n t r a c t s where the C l i e n t accepts a large 
share of the r i s k . 
In the case of Target Cost c o n t r a c t s , an estimated value i s 
assessed, which i s a l t e r e d to r e f l e c t any v a r i a t i o n s i n work or 
e s c a l a t i o n of costs. An accurate record of the Contractor's 
costs i s kept and the d i f f e r e n c e between the a c t u a l and t a r g e t 
cost i s shared between the Contractor and C l i e n t i n a pre-arranged 
manner. Often the overheads and p r o f i t are separated from the 
r e s t and paid on a fee basis. 
I f the C l i e n t i s prepared t o accept even more of the r i s k , 
he can have the work c a r r i e d out under a Cost Reimbursible c o n t r a c t . 
The Contractor c a r r i e s only minimal r i s k , as costs are paid out 
as the work i s c a r r i e d out, w i t h the overheads and p r o f i t s again 
pa i d out on a fee basis, u s u a l l y c a l c u l a t e d as a percentage o f 
costs. I t i s e s s e n t i a l i n the case of Cost Reimbursible c o n t r a c t s 
that the Engineer and h i s s t a f f keep t i g h t c o n t r o l on s i t e expenditure 
to ensure a s a t i s f a c t o r y r e t u r n on the C l i e n t ' s money. 
CHAPTER 6 
COMPARISON OF THEORY WITH EMPIRICAL RESULTS 
60. 
CHAPTER J3 
COM PARI SON OF THEORY WITH EMPIRICAL RESULTS 
The theory was developed along the l i n e s o:C considering a c o n t r a c t 
as an amalgamation of fou r phases; e x p l o r a t i o n , d e t e r m i n a t i o n , a c t i o n 
and outcome. Of these phases the one t h a t i s of primary i n t e r e s t t o 
the Engineer i s the a c t i o n phase, so i n i t i a l c o n s i d e r a t i o n w i l l be given 
t o i t . 
The a c t i o n phase can be considered analogous t o the basic design 
d e c i s i o n s . Results from the research would i n d i c a t e t h a t the design 
choices f o r t u n n e l l i n g can be s p l i t i n t o three d i s c r e t e c a t e g o r i e s : 
Excavation A. 1) Open-cut Excavation 
2) S o f t Ground t u n n e l l i n g 
3) Rock T u n n e l l i n g 
4) Pipe Jacking 
Primary B. 1) Smooth Bore Tunnel 
L i n i n g 2) Bo l t e d Segmental Rings 
3) C o l l i e r y Axches 
4) I n - s i t u Construction/Pipes 
A d d i t i o n a l C. 1) None 
Measures 2) Compressed A i r 
3) Chemical/Cement Grouting 
4) Others (eg. f r e e z i n g ) 
Thus a basic design choice f o r a c o n t r a c t could be l i s t e d as 
(A2, B3, C I ) . The choice i n category A i s u s u a l l y enforced by p h y s i c a l 
parameters, l e n g t h and/or depth, and i t s choice e l i m i n a t e s choice i n 
catego r i e s B and C. S i m i l a r l y , choice i n category B r e s t r i c t s choice i n 
category C. 
Using Contract 32 (Sec t i o n MHC4-MHC2), as an example, the ground 
c o n d i t i o n s , l e n g t h of c o n t r a c t and depth t o (most) of the l i n e made 
choice A2 the only a l t e r n a t i v e . I n the case of primary l i n i n g , although 
( B l ) would have been a p o s s i b l e a l t e r n a t i v e , the ground c o n d i t i o n s over 
(most) of the c o n t r a c t made B2 the only v i a b l e s o l u t i o n . The only 
d i f f i c u l t d e c i s i o n came w i t h whether or not t o have a d d i t i o n a l measures. 
The choice could f u r t h e r be reduced on economic grounds t o whether or 
not to have compressed a i r , I n t h i s s i t u a t i o n only two s t a t e s o f the 
w o r l d needed be considered (a) Compressed A i r i s needed (0 ) , or (b) 
Compressed a i r i s not needed (9 ) o 





where U(X) i s u t i l i t y of the a c t i o n (a.) making p r o v i s i o n f o r 
compressed a i r when i t i s ' n o t needed, 
U(Y) i s the u t i l i t y of the a c t i o n making no p r o v i s i o n f o r 
compressed a i r when i t i s not needed, 
and U(Z) i s the u t i l i t y of the a c t i o n making no p r o v i s i o n f o r 
compressed a i r when i t i s needed, 
I n order t o proceed f u r t h e r , an understanding i s r e q u i r e d of u t i l i t y 
and how the r e s u l t s can be used to create a p h y s i c a l r e p r e s e n t a t i o n . The 
theory i n d i c a t e d t h a t i f u t i l i t y can be thought of i n monetary terms, 
then the o v e r a l l u t i l i t y can be subdivided i n t o the t e r m i n a l u t i l i t y and 
the u t i l i t y of i n v e s t i g a t i o n . 
S t a r t i n g w i t h basic assumptions concerning the s i t e i n v e s t i g a t i o n , 
the theory has assumed the cost t o be e i t h e r independent or simply-
r e l a t e d t o the number of t e s t s , which t e s t s were i n t u r n considered as 
d i s c r e t e events w i t h s i n g l e outcomes. However, i n p r a c t i c e there i s a 
wide v a r i e t y of t e s t s ranging from seismic surveys t o index t e s t s and 
v a r y i n g i n complexity, cost and i n f o r m a t i o n a l . v a l u e . 
I n assessing the cost of s i t e i n v e s t i g a t i o n , the method used i n 
the research lias been t o formulate an average cost per borehole, which 
achieved the aim of c r e a t i n g a u n i t of i n f o r m a t i o n encompassing a l l t e s t s . 
Comparison of the adjusted average cost per borehole t o the average 
number of t e s t s per borehole i s shown i n Figures 9 and 10 and would 
i n d i c a t e t h a t the simple r e l a t i o n holds reasonably w e l l f o r fo u r of the 
f i v e c o n t r a c t s . The other c o n t r a c t , Contract 27, was a s p e c i a l case, 
w i t h r e s t r i c t i o n s on the number and extent of boreholes. 
I n t u i t i v e l y , i t i s t o be expected t h a t unless the high-cost of a 
p a r t i c u l a r borehole can be o f f s e t by a l a r g e amount of i n f o r m a t i o n from 
i t , t h a t i s , an increased number of t e s t s , then the value of undertaking 
t h a t borehole should be questioned. This argument could be extended t o 
the value of a d d i t i o n a l infoi-mation on an i n d i v i d u a l borehole basis. 
On the ques t i o n o f the r e p r e s e n t a t i o n of t e r m i n a l u t i l i t y , the problem 
i s more complex. The f i r s t problem i s whose t e r m i n a l u t i l i t y i s being 
considered, or i s there an absolute u t i l i t y , which i s a combination o f 
both side's u t i l i t y ? The Engineer's, a c t i n g as an agent f o r the C l i e n t ? 
i s s u b j e c t t o p r o f e s s i o n a l o b l i g a t i o n s , r e g a r d i n g , f o r example, s a f e t y , 
as w e l l as f i n a n c i a l o b l i g a t i o n s , ensuring the q u a l i t y of work at a 
reasonable p r i c e . A Contractor w i l l be s i m i l a r l y motivated t o maximise 
h i s p r o f i t s w i t h o u t p r e j u d i c i n g h i s chances of f u t u r e work. I n order 
to assess h i s p o t e n t i a l p r o f i t s the Contractor must be able to estimate 
both the value of the work and the value of the work t o him. These 
two v a l u a t i o n s are not n e c e s s a r i l y c o i n c i d e n t , as the a t t r a c t i v e n e s s o f 
a c o n t r a c t i s i n f l u e n c e d by f a c t o r s e x t e r n a l to the work, such as 
u t i l i s a t i o n of labour and p l a n t , cash f l o w , and so on. 
I t would t h e r e f o r e appear' reasonable t o consider, f o r e i t h e r s i d e , 
the c o n t r a c t t o be made up of a f i x e d cost plus a p o t e n t i a l cost based 
on the in h e r e n t r i s k i n the c o n t r a c t m u l t i p l i e d by the percentage of 
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I t would bo opportune at t h i s p o i n t to show some supplementary 
evidence which supports the idea t h a t Clause 12 claims can bo used t o 
der i v e a loss (negative of u t i l i t y ) f u n c t i o n due to geotechnical 
uncer t a i n t y . 
The i n i t i a l r e a c t i o n i n t h i s work was t o assume t h a t the 'low' 
winning tender could lead t o high claims as the c o n t r a c t o r t r i e s to recoup 
l o s t " p r o f i t " ; s i m i l a r l y a 'high' winning tender could lead to lower 
claims as the c o n t r a c t o r might be w i l l i n g to s a c r i f i c e some of h i s h i g h 
p r o f i t s f o r the ' g o o d w i l l ' t h a t a t r o u b l e - f r e e c o n t r a c t generates. 
I n order t o t e s t these hypotheses an e s t i m a t i o n of the v a r i a t i o n 
i n tendering was deduced by comparing the winning tender w i t h the 
average of the second and t h i r d tenders (see Table 13). The second 
and t h i r d tenders were chosen since i t was considered t h a t they would 
be c o m p e t i t i v e , whereas higher tenders may not have been. A graph, 
Figure 11, has been drawn which d i r e c t l y compares the percentage by 
which the winning tender was below the average of the second and t h i r d 
tenders w i t h the percentage t h a t the f i n a l cost was greater than the 
tender p r i c e . 
Two p o i n t s a r i s e from t h i s graph. F i r s t there appears t o be no 
c o r r e l a t i o n between a 'low' tender and the amount of overspending i n 
claims, which r e i n f o r c e s the o p i n i o n t h a t the c l i e n t probably pays 
less than the t r u e cost of a v a r i a t i o n (THOMPSON and BARNES, 1977). 
Given the assumption t h a t a c o n t r a c t o r ' s tender i s made up of a f i x e d 
p r i c e plus an allowance f o r r i s k , i t appears there may be a r e l a t i o n 
between the v a r i a t i o n i n r i s k p r i c i n g , expressed as the v a r i a t i o n i n 
tender p r i c e , and the maximum overrun of tender p r i c e t h a t could be 
a n t i c i p a t e d . U n f o r t u n a t e l y there i s l i t t l e hard evidence to support 





% WINNING TENDER BELOW 
AVERAGE OF SECOND AND 
THIRD TENDERS 
% FINAL CONSTRUCTION 
COST (EXCLUDING PRICE 
VARIATION) ABOVE 
TENDER PRICE 
27 5.15 + 10. 7 
31 3. 75 -13. 7 
32 9.65 + 16.8 
40 10.53 -18.9 
52 10.94 - 5.3 
TABLE 13 V a r i a t i o n of Tender Price and Con s t r u c t i o n Cost 
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other c o n t r a c t s i n d i f f e r e n t branches of c i v i l engineering, i t would 
g r e a t l y ease the C l i e n t ' s problem of e s t i m a t i n g the u l t i m a t e cost f o r 
loan s a n c t i o n or cash flow a n a l y s i s . A d d i t i o n a l r e s u l t s are r e q u i r e d 
p r i o r to any f i r m conclusions regarding the use of a f u n c t i o n to 
encompass the maximum tender overrun of c o n s t r u c t i o n cost. To demonstrate 
the idea of an all-embracing f u n c t i o n a basic q u a d r a t i c curve has been 
i n s e r t e d t o f i t the e x i s t i n g r e s u l t s . An o f f s e t from the zero o r d i n a t e 
axis has been introduced t o represent the idea of a n a t u r a l conservatism 
on the p a r t of the c o n t r a c t o r to cover r i o k s unpriced by the C l i e n t , 
f o r example, a s h o r t f a l l i n remuneration from the Contract P r i c e F l u c t u a t i o n 
Clause. 
I n a l l c o n t r a c t s s t u d i e d i n the research the f i n a l s e l e c t i o n o f 
c o n t r a c t o r was a r r i v e d at '-.y the c o m p e t i t i v e t e n d e r i n g of selected 
tenderers. To i l l u s t r a t e how the u t i l i t y f u n c t i o n s of Client/Engineer 
and Contractor i n t e r a c t , a c o s t - r i s k space could be created w i t h 
Contractor and C l i e n t i n opposite corners. 
Contractor's Cost Decreasing C> * n t r a c t o r s n P o s i t i o n 100 
C l i e n t ' s 
Risk Share 









C l i e n t ' s 
P o s i t i o n 
C l i e n t ' s Cost I n c r e a s i n g 
C l i e n t ' s U t i l i t y Curve 
Contractor A's U t i l i t y Curve 
Contractor D's U t i l i t y Curve 
Figure 12 Cost Risk Space 
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Figure 12 shows the form t h a t t h i s c o s t - r i s k space could take. I n 
a c o n t r a c t u a l sense the C l i e n t ' s r i s k could be thought of as extending 
from zero i n a turnkey c o n t r a c t to 100% i n a d i r e c t labour c o n t r a c t . 
The C l i e n t u s u a l l y s p e c i f i e s (by i m p l i c a t i o n ) the l e v e l of r i s k he i s 
prepared t o accept by choosing the form of c o n t r a c t . The shape of 
the Contractor's u t i l i t y curve shows h i s degree of r i s k aversion. 
Two u t i l i t y curves have been shown i n Figure 12 & r d i f f e r e n t 
c o n t r a c t o r s ' tenders and i t i s c l e a r t h a t , i f minimum tender p r i c e were the 
governing f a c t o r , at the 75% r i s k l e v e l t o the C l i e n t , Contractor A's 
tender would be s e l e c t e d ; s i m i l a r l y , at the 25% r i s k l e v e l t o the C l i e n t , 
Contractor B's tender would be s e l e c t e d . I f i t were to be assumed t h a t 
the C l i e n t was i n d i f f e r e n t t o h i s f i n a l l o c a t i o n i s c o s t - r i s k space, then 
h i s optimum p o s i t i o n would be at a minimum distance from h i s g r a p h i c a l o r i g i n . 
I n the i n d i c a t e d case both the Contractor's u t i l i t y curves are below 
the C l i e n t ' s u t i l i t y curve, and hence represent an expected saving on 
what the C l i e n t i s prepared t o pay. I t would be f e a s i b l e to show a 
s i t u a t i o n where none of the Contractor's tenders came up t o the e x p e c t a t i o n 
of the C l i e n t i n which case the t e r m i n a l u t i l i t y would have to be a 
compromise s o l u t i o n . 
Having discussed the meaning and use of u t i l i t y , i t i s now p o s s i b l e 
t o proceed w i t h the example shown i n the d e c i s i o n t r e e where the exajiiple 
q u estion was whether or not t o provide f o r compressed a i r on s e c t i o n MH 
C4-C2 on Contract 32. The u t i l i t y of the a c t i o n making p r o v i s i o n f o r 
compressed a i r when i t i s not needed would, i n monetary terms, be the 
negative m o b i l i s a t i o n cost f o r compressed a i r , since i t i s u n l i k e l y t h a t 
compressed a i r would be used u n t i l ground c o n d i t i o n s r e q u i r e d i t . This 
value can be termed (-C ) . The u t i l i t y of the a c t i o n making no p r o v i s i o n 
f o r compressed a i r when i t i s not needed would bo nothing. The u t i l i t y 
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of the a c t i o n making no p r o v i s i o n f o r compressed, a i r when i t i s needed 
would be s l i g h t l y more complicated, but, as a s i m p l i c a t i c n , consider i t 
as the negative cost of undertaking the work w i t h compressed a i r i n the 
programme. I n i t s t u r n t h i s claim (CL) i s l i k e l y to be p r o p o r t i o n a l t o 
the e r r o r i n judgement ( f ) , CL<*£. The constant of p r o p o r t i o n a l i t y ( f ) 
c 
has been designated as the r i s k f a c t o r . 
I t i s now p o s s i b l e to c a l c u l a t e the p r o b a b i l i t y (P*) where the p o t e n t i a l 
g a i n i n not making f o r compressed a i r i s e q u i v a l e n t t o the r i s k of having 
t o introduce i t at a l a t e r stage and s u f f e r a c l a i m . From the d e c i s i o n 
t r e e , 
U(X) =T>*U(Y) + (1-P*)U(Z) 
r e p l a c i n g w i t h the monetary e q u i v a l e n t s , 
(-C) = P*0 + (1-P*)(-C-CL) 
or , P* = CL 
C+ CL 
= *c6 
c +f £ c 
This expression would indic£.Se t h a t i f the r i s k f a c t o r i s high or, 
e q u a l l y , i f the e r r o r i n judgement i s l a r g e , the p r o b a b i l i t y of c o n d i t i o n s 
being b e t t e r than those r e q u i r i n g compressed a i r would need to be I , t h a t 
i s , a c e r t a i n t y . 
The cost of m o b i l i s a t i o n f o r compressed a i r can be assessed reasonably 
a c c u r a t e l y , so i n order t o produce a numerical value f o r the p r o b a b i l i t y , 
an e s t i m a t i o n i s r e q u i r e d of the maximum e r r o r i n judgement and the r i s k 
f a c t o r . One a l t e r n a t i v e f o r the r i s k f a c t o r would be t o allow the C l i e n t 
to place a maximum value on the claims he was prepared to bear. For example 
he might allow 10% of the t o t a l c o n t r a c t cost. An a l t e r n a t i v e would be t o 
use the t e n t a t i v e i n f o r m a t i o n from Figure 11 t o p r e d i c t a value of maximum 
r i s k f a c t o r i n terms of the c o n s t r u c t i o n c o s t , I f the tenders are known, 
then the r e l a t i v e percentage of the claims can be read; f o r example, a 
tender divergence of 4% would give a maximum r i s k f a c t o r o° 0.1. 
Before d i s c u s s i n g how to estimate the e r r o r i n judgement i t i s 
necessary to understand what i s meant by i t . E r r o r i n judgement i s the 
d e v i a t i o n of a c t u a l c o n d i t i o n s from p r e d i c t e d c o n d i t i o n s , where these 
c o n d i t i o n s are l i n k e d t o design d e c i s i o n s . Therefore, i n order t o 
create an e s t i m a t i o n of e r r o r i t i s necessary t o know which t e s t s are 
used to i n f l u e n c e d e c i s i o n s . Usually, t e s t s are not considered i n 
i s o l a t i o n , but are combined w i t h d i f f e r e n t weightings t o form a group. 
This group could be termed a design f a c t o r and there may be several design 
f a c t o r s on a c o n t r a c t . Although t h i s grouping i s u s u a l l y made sub-
consciously by the Engineer, the i n t r o d u c t i o n of t u n n e l l i n g cost 
programmes f o r computer (WHEBY, 1973) has seen the o b j e c t i v e c r e a t i o n o f 
design f a c t o r s . I n the case of s o f t ground t u n n e l l i n g a s t a b i l i t y number 
i s used which combines the cohesion w i t h the i n t e r n a l angle of f r i c t i o n . 
The e r r o r i n judgement can then be expressed as the d e v i a t i o n of the 
design f a c t o r , created from the a c t u a l c o n d i t i o n s , from the design f a c t o r 
assessed from t e s t r e s u l t s . I f the assumption of the theory i s accepted, 
t h a t the p r o b a b i l i t y d i s t r i b u t i o n of c o n d i t i o n s i s normal, then i t w i l l be 
completely s p e c i f i e d by the mean and variance of the t e s t r e s u l t s , when 
combined as a design f a c t o r . Care would need to be taken t o ensure t h a t 
the variance from a small number of t e s t s was not u n r e p r e s e n t a t i v e of the 
p o p u l a t i o n variance, A way round t h i s problem would be t o place a minimum 
c o e f f i c i e n t of v a r i a t i o n on the r e s u l t s . This minimum value could be 
taken from a l a r g e r sample, f o r example from work d e t a i l e d i n IIARR,1977, 
where several s o i l parameters are shown w i t h t h e i r mean, variance and 
c o e f f i c i e n t of v a r i a t i o n (see Tables 14,15 and 16). 
Without being s p e c i f i c , t h i s s e c t i o n has t r i e d t o h i g h l i g h t c o n d i t i o n s 
where e m p i r i c a l r e s u l t s gained from the research can be a l l i e d t o theory 
i n order to a i d the Engineer i n h i s d e c i s i o n s . The f i n a l s e c t i o n s w i l l 
deal w i t h areas of f u t u r e p ossible developments and some of the assumptions 
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F UTURE DEVELOPMENTS 
At t h i s stage i t seems appr o p r i a t e to discuss some of the areas 
of e r r o r , p o i n t i n g out p o s s i b l e l i n e s o f research or a l t e r n a t i v e 
approaches to the problem. 
Ideas have been introduced from a v a r i e t y o f t h e o r e t i c a l 
approaches i n an attempt to e x p l a i n and ,where p o s s i b l e , model i n 
r e l a t i v e l y simple terms the complex problems of t u n n e l l i n g . I n 
several cases there are a t t r a c t i v e , i f more complicated, a l t e r n a t i v e s 
t o some of the assumptions p r e v i o u s l y made i n the t e x t . An example, 
which r e q u i r e s f u r t h e r d i s c u s s i o n , i s the assumption t h a t ground 
c o n d i t i o n s can be modelled using normal d i s t r i b u t i o n f u n c t i o n s . 
The inherent weaknesses of using the normal d i s t r i b u t i o n f u n c t i o n 
are t h a t i t i s symmetric over i t s range and assumes t h a t negative 
r e s u l t s are p o s s i b l e . 
I n s i t e i n v e s t i g a t i o n , n e i t h e r of these assumptions can be 
considered to be t r u l y v a l i d , so i f a great e r degree of accuracy i s 
re q u i r e d an a l t e r n a t i v e f u n c t i o n should be used, f o r example a beta 
f u n c t i o n o f the form, 
1 * P 
f ( x ) = - (x - a) (b - x) ^ 
where C = °< '. P '. (b-a) 
<K + /3 + 1 
and a and b are the end l i m i t s . 
The beta f u n c t i o n overcomes the problems of the normal d i s t r i b u t i o n 
f u n c t i o n i n t h a t i t Iras a l i m i t e d range between p o i n t s (a) and (b) 
and also posseses skewness, which allows i t t o model r e s u l t s which are 
h e a v i l y biased to a s p e c i f i c r e g i o n . 
7G. 
Several of the ideas, which l i e outside the mainstream of the 
research, have only been b r i e f l y i n v e s t i g a t e d and f u r t h e r research 
could b r i n g f r u i t f u l r e s u l t s . An area, where t h i s comment i s 
p a r t i c u l a r l y r e l e v a n t , ± s i n the i n t r o d u c t i o n of the concept of a 
c o n t r a c t o r - c l i e n t c o s t / r i s k space. 
A c o s t / r i s k space has been used i n research (ASHLEY,1977) t o 
model j o i n t - v e n t u r e c i v i l engineering i n the U.S.A. However, 
i t s a p p l i c a b i l i t y to c o m p e t i t i v e tendering has not, so f a r , been 
t e s t e d . Any attempt would r e q u i r e an in-depth knowledge of the 
contractor's approach to tendering as w e l l as t h a t of the c l i e n t . 
D i f f e r e n t c o n t r a c t o r strategems would obviously lead t o d i f f e r e n t 
c o n t r a c t o r u t i l i t i e s . 
The use of a c o s t / r i s k space allows v i s u a l r e p r e s e n t a t i o n o f 
the r e l a t i v e p o s i t i o n s of the c l i e n t and c o n t r a c t o r and how an 
a l t e r a t i o n i n e i t h e r p o s i t i o n a f f e c t s the p o s i t i o n of the o t h e r . 
As mentioned p r e v i o u s l y , i f the c l i e n t i s i n d i f f e r e n t to h i s p o s i t i o n 
on the u t i l i t y curve then i t i s probable t h a t the u l t i m a t e c o n t r a c t u a l 
s o l u t i o n would be mutually b e n e f i c i a l . U n f o r t u n a t e l y , i n a body 
subject to p u b l i c a c c o u n t a b i l i t y the s e l e c t i o n of a non-minimum 
tender would lead to heavy c r i t i c i s m , so a primary step would appear 
to be the education of a l l concerned, whether d i r e c t l y or i n d i r e c t l y , 
t h a t the minimum tender does not n e c e s s a r i l y lead to the minimum 
cost. 
Assuming t h a t acceptance of c o s t / r i s k space as a u s e f u l t o o l 
i s forthcoming, the question remains as to how movements i n c o s t / r i s k 
••space can be t r a n s l a t e d i n t o ' r e a l ' terms. Crude adjustment i n 
c o s t / r i s k space could be achieved by a l t e r i n g the form of c o n t r a c t , 
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f o r example, from admeasurement to t a r g e t cost. Howeve;-, a s u b t l e r 
form of adjustment i s re q u i r e d i f i t i s t o have s u f f i c i e n t a d a p t a b i l i t y 
i n an on-going n e g o t i a t i o n . A r a p i d s h i f t i n c o s t / r i s k space could 
only be achieved by r e s t r u c t u r i n g the c o n t r a c t to allow a l t e r a t i o n s 






The i n i t i a l basis of the research was to i n v e s t i g a t e the cost 
e f f e c t i v e n e s s of s i t e i n v e s t i g a t i o n i n tunnels aid the e f f e c t t h a t 
t h i s i n f o r m a t i o n had on o v e r a l l cost. However, i t was soon r e a l i s e d 
t h a t the i n f o r m a t i o n could not. be considered i n i s o l a t i o n and the 
research was extended to include aspects of general c i v i l engineering 
c o n t r a c t r i s k whether economic or p o l i t i c a l i n o r i g i n . 
The main achievement of the research has been t o show t h a t i t i s 
po s s i b l e t o v i s u a l i s e c o n t r a c t s as a se r i e s of d e c i s i o n and s t a t e 
v a r i a b l e s . A p p r e c i a t i o n of these various f a c t o r s should f a c i l i t a t e 
b e t t e r p l a n n i n g a t the i n v e s t i g a t i o n stage. Further, i n s e p a r a t i n g 
out the e f f e c t s o f the major s t a t e v a r i a b l e , ground c o n d i t i o n s , as a 
se r i e s of cost percentages the research has i l l u s t r a t e d q u a n t i t a t i v e l y 
the s e n s i t i v i t y of c o n t r a c t cost t o s i t e i n v e s t i g a t i o n i n f o r m a t i o n . 
There i s a large p o t e n t i a l f o r s e n s i t i v i t y analyses, not j u s t 
i n t u n n e l l i n g , but i n the whole c i v i l engineering f i e l d , as an a i d t o 
in c r e a s i n g the Engineer's awareness. Any analyses should i n c l u d e 
a l l the key f a c t o r s a f f e c t i n g cost. Work (ASHLEY, TSE and EINSTEIN, 
1979) has already been s t a r t e d on t h i s s u b j e c t , where a ranking 
system was used to c l a r i f y f u r t h e r the main v a r i a b l e s . 
Concerning the c o s t - e f f e c t i v e n e s s of the s i t e i n v e s t i g a t i o n 
of the t u n n e l l i n g c o n t r a c t s , o v e r a l l conclusions are d i f f i c u l t . 
The p r o d u c t i o n of case h i s t o r i e s allows s p e c i f i c problems t o be 
h i g h l i g h t e d , f o r example the need f o r s l a k e - d u r a b i l i t y t e s t s where 
t u n n e l l i n g i s expected to be i n mudstones andaiales. With the 
accumulation of data from a s e r i e s o f case st u d i e s i t can be shown 
t h a t the problems encountered on any t u n n e l l i n g c o n t r a c t can be 
d i v i d e d i n t o two 'loose' c a t e g o r i e s , The f i r s t category of problems 
occur because the s i t e i n v e s t i g a t i o n i n f o r m a t i o n i s c i t h e r i n s u f f i c i e n t 
or misleading, which increases the d i f f i c u l t y of choosing the optimum 
design d e c i s i o n at the t e n d e r / p r e - c o n s t r u c t i o n stage. The second 
category concerns problems where there i s s u f f i c i e n t i n f o r m a t i o n f o r 
the optimum choice but inadequate i n f o r m a t i o n to a c c u r a t e l y p r e d i c t 
the extent of the a c t i o n . Thus s l a k e - d u r a b i l i t y i s an example of 
the f i r s t , whereas a d d i t i o n a l excavation would f a l l i n t o the second 
category. 
As e r r o r s i n the second category are, by d e f i n i t i o n , u n l i k e l y 
to a f f e c t design-decisions, no l a r g e - s c a l e a l t e r a t i o n to working 
method would be expected. Where fundamental design-decisions are 
brought i n t o question, the p o s s i b i l i t i e s o f cost e s c a l a t i o n are 
i n c r e a s e d . d r a m a t i c a l l y as i l l u s t r a t e d by the major claims on the 
t u n n e l l i n g c o n t r a c t s s t u d i e d . 
80, 
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